
UNCLASSIFIED

AD NUMBER

AD-858 839

NEW LIMITATION CHANGE
TO DISTRIBUTION STATEMENT - A

Approved for public release;

distribution is unlimited

LIMITATION CODE: 1

FROM No Prior DoD Distr Scty Cntrl St'mt Assigned

AUTHORITY

AFAPL, Apr 12, 1972.

THIS PAGE IS UNCLASSIFIED



AFAPL-TR-69-68
VOLUME I

GENERATION OF INERTING GASES FOR AIRCRAFT

FUEL TANKS BY CATALYTIC COMBUSTION TECHNIQUES

R. B. Wainright
A. Perlmutter

American Cyanamid Company

TECHNICAL REPORT AFAPL-TR-69-68 VOLUME !

AUGUST 1969 "/"y I .

IL)

This document Is subject to special export controls and each trans-
mittal to foreign governments or foreign nationals may be made only with
prior approval of Air Force Aero Propulsion Laboratory (APFH), Wright.
Patterson Air Force Base, Ohio 45433. N

AIR FORCE AERO PROPULSION LABORATORY
AIR FORCE SYSTEMS CO=AND

WRIGHT-PATTERSON AIR FORCE BASE, OHIO 45433

Reproduced From c
Best Available Copy --



Codin of Catalysts

Catalyst Designation fapler

Code A ARo-BANO American Cyanamid Cmpa

Code B "row-teurperature shift U

Code C PAA-3

Code D 0-66B C ,emetron Corporation (Grdler)

Code E G-3A

Code F G-56B K U

Code G 92 W. R. Grace Company (Davison)

Code H 906 3 3

CodeI 908 3

Code J V-0601T The Harshaw Chemical Company

Code x . UU U

Code L EC- aIF Mne~lhrd m & Checl CMT.

Code H W1 AZROBA1I American Cyanamid Canpany



CATION CP IZ~R~I1 GASES
FOR AIRMAPZ FUEL TP-14KS

Er CA2MALTIC COBUSION TECHNIQUS

volume I

1. B. Vainright
A. Perlmutter

this document Is subject to special export controls and each
tranudittal, to foreign goverments or foreign natlinla may be mae
on.Yy wth prior approval of Air Force Aero Propualsion laboratory

(AMi, WfiSMt.Patterson Air Force Base, Gdio 45433.

.. .. ... .



FEWC D

This report was prepared by the Central Research Division, American
Cyanamid Company, and covers work performed under Contract Number
F33615-68-C-1500, Project No. 3C48 - Fuels, Imbrication, and Hazards,
Task 304807, Aerospace Vehicle Hazard Protectlon. Administration was
provided by the Air Force Aero Propulsion Laboratory, Air Force Systems
Coamand, Wrlght-Patterson Air Force Base, Chio, with Mr. Robert E. Cretcher,
AP7H Hazards Branch, acting as Project Eineer. The contract was initially
fund-d with Laboratory Director's Discretionary f"nds.

The effort reported herein was perforted in the period April 1968
through June 1969, at Cyanamid's Stcmford Rererrch laboratories in
Stamford, Connecticut. Experimental work was performed by Messrs,.
J. R. Johnson, W. E. Kuehlewind, H. Y. Li, J, F. Mazur, and A. Parlutter.
Conceptual design studies were performed by Mr. A. Perlmutter. Mr. D. R.
Goodrich served as Project Leader during the initial part of the program,
and Hr. R. B. Wainright as acting Project Leadr durin5 the remainder of
the progre. Cyanamid's technical management thrcughcut was provided in
the person of Mr. Wainright.

This document was submit.ed by the authors in June 1969@

This technical report has been reviewed and is approved.

Benito P. Botteri ,
Chief, zards Branch
Fuels, lubrication and Hazards Division

$i



A-SSACT

The feasibility of inerting the ullage spaces in aircraft fuel tanks
via a catalytic combustion technique is evaluated. The technique utilizes
nitrogen from the surrounding atmosphere as the princt-1 component of the
ballast gas admitted to the tanks. Free oxygen is reduced to safe levels
by means of catalyzed reaction with a small fraction of the aircraft fuel.
Before the ccbustion gases are admitted to the fuel tanks, the water con-
tent is reduced by condensation and by contact with a desiccant. Experiments
were conducted to select and evaluate catalysts for the cobustion reaction,
eamd dc:iccut: fc- water removal. Heat and material balances were prepared.
Experimental and literature data were used for conceptual designs of
inerting equipment that would provide target performance at all times
(including powered dives) during missions typical of a tactical aircraft,
a military transport, and the SST. Based on these unoptimizedp preliminary
designs, it was determined that complete inerting protection and control
over the water admitted to the fuel tanks can be provided at a penalty of
froml. 8 % (transport) to 6.4% (tactical) of the initial fuel weight. These
figures reflect industrial plant equipment weights, and substantial reductions
are expected through use of flightveight equipment of optimized design.
Recmendations are made for further study and development.

This document is subject to special export controls and each transmittal
to foreign governments or foreign nationals may be made only with prior
approval of Air Force Aero Propulsion Laboratory (APPT), Wright-Patterson
Air Force Base, Ohio 45433.
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G=TION I

I D2URCTION

1. BACK2WM

Among the bazards that must be faced in the planning, design, and
operation of liquid-fueled aircraft is the problem of fire and explosion in
the fuel tanks. The isolation of fuels from ignition sources, such as hot
engine parts, impact sparking, electrical circuit malfunctions, and lightning
or other static discharges, haa been the subject of considerable effort so
that substantial protection is now available in current operational aircraft .(l)
Serious problc.-s can still be identified, however, associated with floamable
fuel vapor-air mixtures within the fuel tanks. Tactical aircraft Operatung
in combat areas are subject to fuel tank penetration by enm7 incendiary
and bursting rounds which would ignite the mixture. In the case of advanced
supersonic military or c~zercial aircraft, such as the Supersonic Transpcrt
(SST), it is anticipated that aerodynamic heating may generat tank
temperatures above the autoignition point of the mixed vaporsJ .Oce the
vapors becoe ignited, combustion could proceed with sufficient speed to
cause a substantial pressure rise, despite the presence of tank venting
equipment, leading ultimately to disastrous structural failure.

The present report gives the results of an R & D study directed toward
the evaluation of a proposed aircraft fuel tank inerting subsystem. The
basic cocept is to use the nitrogen in the atmosphere as ballast gas to
displace fuel delivered to the is. Free o:gen accompanying the atmos-
pheric nitrogen is reduced to a afe level by conversion to carbon dioxide
and water by means of a catalytic combustion process which consues a very

A21 fraCtiC Of the aircraft fuel. The water is removed from the balast
gas before it enters the fuel tanks.

2. CJECTMV

The objective of this technical effort was to establish the feasibility
of the proposed inerting subsystem, and to develop the basis for preliminary
subsystem design. The performance goals toward which the investigation was
directed are as follows:

a. Oxygen concentration of 2 to 9% (volme) in the ballast gas.

b. )kizi= water concentration of 5 pyn in the ballast gas.

c. Mzd= catalyst life of 50 flight hours without regeneration.

4d. Regerastion capability by a technique which does not require
n Cua r hi&3hly intricate equipment, enabling the catalyst

life to reach a minzmn of 500 flight hbours.

II
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e. InertlrW subtystem wei&ht not to excn d 0.W% of the origInal
fuel weight.

f. Capability to supply ballAst Cis during a dive in which the
ambient pressure chawie rc&ches 14.7 pVi//mirite.

g. Capability to function with JP-4, JP-5 or JP-7 fuel.

h. Capability to provide the desired inerting protection for
both subsonic and supersonic aircraft at altitudes of 0 to
80,000 feet.

1. Conformance to environmental test requirements as set forth

in MIL-Std-810.

3. TASK DESCRIPTION

At the outset of work, the investioation was divided into three prin-
eipal parts, and two of these were subdivided into individual tasks, all
of which are described below.

a. Catalytic Combustion (Task I)

(1) Literature Survey

Determination of catalytic systems and techniques reported in
the literature, used either comercially or in research.

(2) Screening of Comercial Catalysts

Identification of commercial catalysts having possible utility
for the proposed subsystem, and comparative evaluation'of their activities.

(3) Screening of New Catalysts

Evaluation of catalysts that are not available cr==ercially
but have shown high activity in laboratory tests or might be expected to
do so from fundamental considerations.

(4) Basic Process Studies

Applies to catalysts selected under (2) and (3). Includes
analysis of the effects of temperature, pressure, space velocity, and
other conditions.

(5) Effect of Fuel Composition

Evaluation of the effects of changes in fuel type on catalyst
performance, with emphasis on use of jet fuels in place of simple hydro-
carbons, and effects such as rate of coking and rate of activity loss.

2
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(6) Optimization and Regeneration Studies

Determination of optL-Al operating conditions for the catalytic

reaction, taking into account interrelationaips between terperature, pres-

sure, flow rate, catalyst particle size, pressure drop in catalyst bed, arA

the like. The primary goal will be maximn conversion consistent with

catalyst .stability. Regeneration techniques are to be studied from the

standpoints of conditions to be used, the period of active service between

regenerations, a&n the number of regenerations that can be performed before

the catalyst must be replaced.

b, Water Removal (Task IXI)

(1) Literature Survey

Collection and study of published information on drying tech-

niques, with emphasis on achievement of high rates and efficiencies (i.e.

low exit water concentrations) under the expected operating conitions.

(2) Selection of Feasible Metbods

Ccsepzwative evaluation of drying techniques a agents,

individually and in combination, based on information in the literature

and consideration of the performance goals.

(3) Process Studies

Analysis of the effects of temperature, pressure and flow

rate on both capacity and efficiency of the selected drying agents.

(4) srfect of Fuel Composition

Evaluation of possible adverse effects of jet fuels and

PCmonents thereof on the most effective water removal agent or agents.

c. conceptua Design (Task rn)
Design of subsystem based on literature data and data generated

in the experimental program. Major considerations are to be minimum weight,

uaximam reliability, and compatibility with the main system (aircraft) of

which it in a part.

3
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SECTIOV I:

A study of the proposed scheme whereby inerting protection for
aircraft fuel tanks is provided by gas produced in the catalytic combustion
of a small fraction of the aircraft fuel was conducted. There were three

main tasks: catalytic combustion studies, a study of methods of removing

combustion water, and conceptual design. It was shown that the inerting

subsystem is technically feasible.

Conceptual designs were directed toward inerting subsystems for
a tactical military aircraft, the C-141 transportp and the SST. It was
specified that protection against ignition of vapors in fuel tanks be

provided at altitudes up to 80,000 feet and at rates of descent equivalent
to an ambient pressure change of 14.7 psi/min. Ballast &as entering the

fuel tanks is to contain 2 to % free oxygen, and no more than 5 ppm water,
except for theC-ll aircraft, where it was specified that the ballast gas,
contain no more than 0.001 lb water/lb dry gas, or 1,555 ppm V/V.

The flow of ballast gas varies widely. In the SST, it is 15 cfm
at level cruise, 360 cfm during normal descent, and 3650 cfm during a powered
emergency dive (all values at the respective prevailing ambient pressure).
From 13 to 16 pounds of combustion water is produced and removed during a
3-hour flight having one ascent and one descent. Only 0.006% of the initial
fuel supply is needed to generate the inert ballast gas.

In general, the &=e approach was used in developing the conceptual
design for each of the three types of aircraft. A few variations were made
intentionally in order to point out and compare alternate means of &ttacking
a problem. The designs used were not Optimized, and weights were estimated
using methods ormally applied to temical pocessing eqdipment. Two designs
of inerting equirpent for the SST were prepared, repzemnting a nrmalu flght
and a flight aborted by an emernney, pmmred dscent. In the fcrmer care the
weight of all equilMent, mot tranzfter lines, and catalytic and drying zgents
(exclusive of inzulation, controls, an any required au,.-rting structure) was
found to be 4,640 pounds. The reprecents 2.3% of the original fuel weight,
as compared to the target value of o.4%. The weight breakdown is as follows:

Combustor and feed equipment 831 lb
Heat exchangers (gas coolers) 2130
Cas drier 1393
Cooling water supply

Total 41tl

In the latter cate, the weigt of all the equipment is 8,229 lb or, 4.1 of
the original fuel weight. Me weight breatdown is as follow:

Cobustor an feed equilment 967 lb
EHeat exchangers 2212
Gas drier 4715
Cooling water sply

Total lb



A similar analysis prared for the tactical aircraft yielded
the following weight breakdown (exclusive of insulation, controls and ary
required supporting structures):-

Combustor and feed equipment 165 lb
Heat exchangers 524
Gas drier 305
Water supply 70

Total 106lb

which represents 6.4% of the initial fuel weight.

An inerting subsystem was designed in concept for the C-141
aircraft, and the veights were as follors:

Cobustor and feed equipment 378 lb
Beat exchangers 1273
Gas drier 836
Water supply 176

Total MY2b

which represents 1.8% of the initial fuel weight.

Possibilities for reducing the weights toward the target level
include optimization of the design, i.e. use of advanced materials, modl-
fication of equipment types and dimensions to obtain more cotqpact, light-
weight units, and reduction in the temperature at which coolants are available.
Also, alternate heating and cooling techniques may, upon investigation, effect
a net reduction in weight. Information received after completion of the work
reported herein indicates that design optimization which incorporates flight
hardware techniques can result in an order-of-magnitude reduction in the
vei&hts of sm cmpoents.

In the rl S flight, the c-mbustr design is based o 96%
conversion of =ygen (leaving S in the dry ballast gas) at the mazia
dmnd rate of 360 cf. This provides considerable margin for catalyst
deactivation, In the interest of a long service life. In all the other
situations, combustor design is based on 75% conversion (5.5% residual ozygen)
at the matimm -dand rate. This provides a smaller margin against deactivation.

he main criterion in reactor sizing is the rate of demand for
ballast gas. There is no weight change during operation, only a gradual
dininishing of catalyst activity. In contrast, the drier must be designed
to perform at design efficiency while holding an accuulation of water.
Both catalyst and drying agent must be regenerited. The frequency of catalyst
regeneration to restore performance loss due to the presence of carbonaceous
deposite is not established. In fact, the catalyst performs ell with de-
position of 10. % carbon. Th quantity of drying agent required to provide
10 MM residual water concentration at the pf.ak demand rate in the tactical
aircraft provides capacity for 73 bours of operation between regenerations.
In the C-141 aircraft, the quantity of agent needed to satisfy the exit water
concentration hi-t provides capacity for 230 hours of operation. In the ST
noal flight situation, the weight of the drying agents must be increased by
187 pounds or 231 in order to increase the service time from 28 to 50 hours,
which is the performance target.

5



Regeneration of either catalyst or drying agent can be accom-
plished in place with the assistance of a ground service truck, or by removal
of the agents (in prepackaged cartridges) and substitution of regenerated

charges previously processed at a ground facility. Based on a test using

an excess of JP-4 fuel of MIL-T-5161G quality, it is known that the catalyst

can be used at least 60 hours without regeneration.

The ultimate service life of both the catalyst and drying agent
remain to be demonstrated. However, it is estimated that the catalyst life
will equal or exceed the 500-hour target value. The time for replacement

of the drying agent will be indicated by abnormal flow behavior (rise in
resistance to flow) and/or by substandard drying performance. Replacement
requires removal of the combustor (or cartridge) and drier (or cartridge)
from the aircraft, and processing at a ground station.

The combustion air in this subsystem is drawn from the high
pressure stage of the engine compressors. Fuel en route to the engines
is used as a coolant, but must be supplemented by water, which is evapor-
ated in the combustor coils and dumped as steam. In the tactical aircraft

analysis, it was found that 31% of the cobustion heat is transferred to

the fuel, and 69% to a special cooling water sapply.

Of the various catalysts evaluated, one designated Code A was
selected for in-depth stadies because of its

9 high level of activity for conversion of oxygen

* relatively low operating temperature

* best performance under experimental conditions

• satisfactory physical and mechanical properties

Removal of the reaction heat by evaporation of water in the
combustor coils necessitates a supply of cooling water for the subsystem.
An additional benefit from this water is realized by directing the cooling
water to the coils in the gas drier before it enters the combustor. This
provides the lowest practical drier bed temperatures, and therefore the
greatest removal of water. CaC12 is the best high-capacity agent and zeolite

the best high-efficiency agent. of those studied. Combinations of the two
are used in most of the case analyses.

The data for each of the aircraft were analyzed to determine the effect
of ballast gas moisture content on subsystem weight. In each case, the greatest
weight (and lowest moisture content) corresponded to the target moisture level,

and the lowest weight to the removal of water by condensation only, i.e. no
drying agent employed. An intermediate value was calculated for each aircraft
representing use of condensation plus a single drying agent, Cal 2 . The results
are presented in Table I-J and Figure l-J, Appendix J, where it is seen that
the maximm possible reduction in weight ranges from 35% to 61% according to
the t pe of aircraft and choice of flight plan.

4
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II

SECTION InI

CATALYTIC CCIGUSTION S=/DfES

1. GEMML

Catalytic combustion to remove free oxygen from air is the key step
in this proposed method of obtaining inert ballast gas, and offers distinct
advantages over uncatalyzed combustion. First, the reaction temperature is
far lo-er in the catalytic system. At present, a difference in excess of
2500"F. can be claimed, but this difference is subject to enlargement as
investigations directed toward more active catalysts continue. Ability to
operate at lower temperatures is advantageous in that less exchange of heat
is involved in preheating the reactants and cooling the products, therefore
fewer penalties in complexity, pressure drop and subsystem weight. A sub-
stantial lowering of preheat temperatures can reduce or eliminate pyrolytic
decomposition of the fuel, and thus prevent or curtail fouling of the heat
exchange surfaces and other possible deleterious effects. Since the combustion
reaction is exothermic, thermodynamic considerations indicate a higher attain-
able equilibrium conversion of cygen as the temperature of reaction decreases.
A further advantage offered by catalytic combustion is the prospect of obtaining
more complete reactions under fluctuating operating conditions such as might
exist on an aircraft. This is expected because the catalyst bed provides an
aburdant quantity of hot and active surfaces throughout the internal volume
of the reactor which can be expected to counter the effects of abnormalties
in composition and temperature. Finally, the catalyst can impart a selec-
tivity leading to a more favorable distribution of gaseous end-products, e.g.
a high ratio of carbon dioxide to carbon monoxide, hence a greater uptake of
free. ogen.

Inplicit in the above discussion is the idea of designing and for=u-
lating a catalyst which is well suited to this specific job. Normally,
this is a major undertaking, particularUy when the task at hand differs
substantially from other tasks for which catalysts have already been developed.
In the present case, the strategy was to emphasize the test and evaluation of
existing commercial catalysts that might be recommended by virtue of previous
characterization work. In this way a tme-consuming catalyst development
program might be avoided, or at least deferred until a later phase.

2. RESULTS AMD DISCUSSION

a. Literature Survey

The literature survey covered the design and experimenta analysisof heterogeneous catalytic reaction systems, theories of the effect of

temperature, flow rate, and pressure on heterogeneous reactionst and the
formulation of efficient hydrocarbon cdation catalysts. Consultations
were held with members of the catalyst develcwnt groups at Cyansad' artamford Research Laboratoriesp to Uke advantage of their specialized

knowledge in this field.
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All hydrocarbon oxidations carried to cccpletion in ca=ercial
practice are accomplished using an excess of air (oxygen). Aa a consequence,
the literature references deal with stoichiwetric quantities of
hydrocarbons at most, not with fuel-rich systems. In the con'eptual system,
it will probably be desirable to run with some excess of fuel to increase
oaygen conversion. An important part of the research done on catalytic
oxidation of hydrocarbons has been directed toward the manufacture of com-
merically important chemicals, such as acrolein, or other partial oxidation
products, as opposed to the ultimate products, carbon dioxide ad vAter,
desired in the present instance. For these reasons, the published literature
wa2 not directly applicable, although it did prove useful in considering the
types of catalyst likely to perform well, and in planning the experimental
approach to be adopted.

Among the hydrocarbons, olefins appear to be most readily oxidized,
n-paraffins least readily, and aromatics intermediate. Among the paraffins,
the short- ha i compounds (methane, ethane, propane) yield the lowest Cxida-
tion rates 3, ). It also appears that the relative efficiency of catalysts
tends to be the same for a variety of hydrocarbons where complete cotbustion
to carbon dioxide and water is involved(5 ); thus, it should be possible to
perform screening studies with a simple hydrocarbon system to rate a number of
catalysts against each other. Silver has seen much use as a catalys61n studies
of the oxidation of olefins, either to oxides such as ethylene oxidel6 i or
(with higher olefinx feed stocks) to carbon dioxide and water(7). Higher
olefinsx, when oxidized in the presence of vanadium pentoxide catalyst,
tended to give intermediate oxidation products such as aldehydes and acids,
and cuprous oxide has been much inv siated as a catalyst for oxidative
conversion of propylene to acrolein 7). Some combustion processes result
in substantial production of carbon monoxide, the further reaction of
which is desirable as a means of consuming more free oxygen. Catalysts
noted for utility in the low-temperature conversion of carbon mioxide to
carbon dioxide include the oxides of copper, maneanese, cobalt and silver,
while oxides of other metals (e. )iron and zinc) are cited for activity
in the higher-temperature regime . The selectivity of catalysts for
specific reactions is illustrated by the fact that platinum and palladium
catalyze the oxidation of hydrogen by air, subject to poisoning by carbon
monoxide, while manganese dioxide catalyzes the selective oxidation of

, carbon mono ie by air in the presence of 100-1000 times the concentration
* of hydrogen 9 ). Noble metals, specifically platinum and palladium, have

long been known as active oxidation catalysts(10), but their use has been
limited to systems where the purification of feed stocks can be justified,
or here it has been shown that feed gas compositions are such that the
catalyst would be acceptably free of poisoning effects, and where activity
or selectivity advantages outweigh the relatively high cost of these
materials.

T higher molecular weight olefinic compounds

! 8



The carrier on which the active catalytic agent is supporte, is
a very important consideration. The carrier can ba designed and prepared
to furnish a7 large exposed surface area over which the catalyst is dis-
tibuted, thus contributing to initial high activity. In addition, a
large surface area can assist in preventing loss of activity caused by
sintering of catalyst crystallites crowded too closely together. Other
functional benefits have also been observed(ll).

Two approaches are commonly used in analyzing heterogeneous
catalytic processes. One attempts to explain the reactions more or less
fully, taking into account each of the steps, including bulk diffusion,
pore diffsion, adsorption of reactants, mechanismA of surface reaction,
and desorption of products. Thp last three of these are often looked upon
as a single interrelated set of mechanisms (e.g. the LTAngmuir-Rideal and
Langmuir-Hinshelwood models). This kind of technique yields basic infor-
mation about the heterogeneous combustion process which is of great utility
in predicting the effects of various scaleup parameters. The technique,
however, requires the collection of large amounts of very precise data
and a very complicated and time-consuming data analysis. Furthermore,
the surface reaction models usually must be simplified to keep the number
of unknowns to a reasonable level; this often results in poor data
fits because the model does not represent the real system closely
enougb. The second approach consists of assuming that all the reaction
parameters can be lumped together, and conversion can be treated as a
function of contact time (with a pseudo-first order relationship) and
temperature (using the standard Arrhenius form). This method is edmittedly
semieupirical, but agreement with experimental data over rather wide
ranges is usually satisfactory. This technique has found great favor in
in ustrial catalyst research, and was chosen for the catalyst studies
performed in the present program.

b. Screening of Commercial Catalysts

(1) Selection of Candidates

Numerous catalysts are used commercially for oxidation pro-
ceasing. Examples of such catalysts are those used for oxidation of
noxious automobile exhaust products, for conversion of sulfur dioxide to
sulfur trioxide, ethylene to ethylene oxide, ammonia to nitric oxide,

* naphthalene to phthalic anhydride, and propylene to acrolein, among others.
These possibilities were identified and considered during discussions with
members of the catalyst research group at the Stamford Research labcratories,
and used as the basis for inquiries directed to major developers and/or
producers of commercial catalysts. In describing the anticipated application
conditions, care was taken to stipulate the projected use of stoichiometric
or fuel-rich mixtures, and there was general recognition of the significance
of this application feature. In addition to American Cyanamid Company,
recommendations and samples were obtained from Davison Chemical Company
(Division of W. R. Grace & Company), Engelhard Minerals and Chemicals
Corporation, Girdler Catalysts Department (Division of Oiemetron Corporation),
and the Harshaw Chemical Company.

As a result of these inquiries and responses, twelve catalysts were
selected for inclusion in the screening test proeram. These are identified
and described in Table I, in which certain data gaps reflect a reluctance
of the suppliers to publicize descriptive details.

............................--- 9-.---~*-*,,,.-.
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(2) ethods

(a) General

A performance test capable of gaging the activity of
candidate catalysts under temperature, pressure and composition conditions
of interest was chosen as the main screening criterion. The test was
established on a "bench" scale so that meaningful data could be obtained
using mall amounts of catalyst. In general, it was possible to carry out
these tests so that performance featusres other than activity per se, such
as ability to convert essentially all reacted fuel to carbon dioxide (CO 2 ),
or tendency toward crumbling or dusting, might be observed.

(b) Test Apparatus

A schematic diagram of the test unit used for the screening
tests appears as Figure 1. The reactor consisted of 1" I.D. Type 316 SS
tubing 30" long, through the center of which ran a 3/16" O.D. x 27" long
thermovell. The reactor diameter was chosen to provide the desired minimum
radial space for catalyst, considering the expected range of catalyst grain
Ssize; a diameter greatly in excess of I" would have caused large radial
temperature gradients and required large quantities of catalyst. The length
was chosen to permit study of the effects of variations in contact time and.
level of preheat, and the high conversions obtained with short beds of the
active catalysts showed the length to be ample for screening purposes.
Figure 1 shows a preheater capable of regulation to introduce the reactants
at various temperatures. A metal coil exposed to te laboratory air was used
to reduce the temperature of the exit gases in preparation for sampling and
analysis. A Beckman Model 109A Hydrocarbon Analyzer and a Beckman Model 77700
Oygen Analyzer were installed in-line to provide data on exit gas composition;
in sme of the runs, additional data were obtained by periodically withdrawing
gas samples and subjecting them to infrcred analysis. The furance murowning
the reactor tube differed frau the massive metal block commonly used to bhat
and maintain the temperature of tubular reactors. Such units provide relatively
constant temperatures surrounding the reactor, but the thermal inrtia is so
large that warmups, cooldownz, and temperature adjustments consume long periods
of time; e.g. it is hardly ever possible to collect data at more than one
teperature on a given day. The furance constructed for this program was
fabricated using 0.5" thick-walled Type 34 ss tubing into which two external
spiral grooves had been machined. Nichrome heating wire running through each
of these grooves, and connected to separate control circuits, provided the
means of temperature control. Although the mass of metal in the frnace tube
was sufficient to provide reasonably uniform temperatures around the reactor,
it was -all enough to permit quite rapid temperature adjustments, e.g.
20-400C. in a period of one hour. Thus, there was reasonable prospect
of being able to get performance data at several temperatures in a given
day.

With two exceptions, all catalysts listed in Table I were
tested for activity in the above apparatus, using propane fuel and the gaseous
feed system. In later tests with J?-7 and JP"I fuels, the liquid feed fuel
feed system was used. This comprised a metal blow case, a two-fluid atmizing
nozzle, and a heated vaporization chamber. Flow of fuel to the nozzle was
regulated by means of an indicating f1cwmeter and a precision needle valve.
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Nitrogen was employed as the atomizing fluid, and a check valve guarded
against the accidental baczkflaw of air Into the heated vaporization
chamber. Whether feeding gaseous or liquid fuel, provision was made for
dilution of the reactants with nitroVen, for reasons discussed below.

Difficulties were experienced in operating the oxygen
analyzer during some of the screening runs. These difficulties were not
encountered after Run CCP?-14,p following replecement of the sensing element.
The hydrocarbon anal3yzer could not be used for liquid fuel runs (on either
inlet or exit streams) because the instrument 'a measuring temperature was
below the temperature of condensation of the fuel vapors.

(c) Test Procedure
A

The key to a workable screening test procedure lay In
obtaining a proper proportion of diluent gas (nitrogen)., At an excessive
dilution, the flowing gas mixture dissipates too much of the heat of
reaction, which presents difficulties in achieving and maintaining the
catalyst temperature required for a given leV2l of conversion. At very
low dilution, the gazes transport so little heat that high radial temper-
ature differences develop within the bed, presenting a problem with
overheating of the catalyst. The proper degree of dilution provides a
tolerable rise ia catalyst temperature above that of the surrounding
furiac tube.

Experiment a carried out using propane fuel and Code A
catalyst to establish a standard level of dilution showed that a mixture
containing 1.5% propane, 7.5% oxygen and 91% nitrogen was too rich. The
mnaxim= temperature at the center of the catalyst bed rose from approxim-atelY 400"C. to llOO*C. :in less than 30 minutes. This rate of rise did
not provide sfi~cient time, at any given temarature, to collect data
representing catalyst performance, By decreasin the concentration of

roaeani omwen to 0.75% and 3.75%, respectively, the rise tlzne fromOOC.to 800C. was Increased to lt.2 hours, end the ax=(hot spat)
tesqperature could be readily controlled at the 800C. level. This dilution
level- becr=e-th-st=1Andar..-screening tests made with poaefuel, and
the following procedure was established. ---

I. The oxyge analyzer and hydrocarbon analyzer were,
calibrated, using known ss~qes,

11.4 A charge of fresh catalyst vas weighed and placed in
the reactor tube at a location well below the top of
the heated section.

II.. Nitrogen flow was directed through the reactor and catalyst,
whilis the surroundirg furnace was heated to a teqrture
approximately 50*C. below the expected "light-off "tm~peraturej
i.e. the tegperature at which the reaction rate Wrould be suf.
ficient to carry the catalyst tenperature abo'., the furnace
temperature.



iv. While elevation of the furnace tezperature contime ,
the flows of oxygen and proz-e in the stoichiczetric
ratio for complete oxidation were initiated, and
temperatures vere monitored in order to detect the
light-off temperature. When this temperature was reached,
the furnace was usually placed under autematic control to
maintain a constant temperature.

v. Periodic measurements were made of the oxygen and hydro-
carbon content of the inlet and exit gases, and the
temperature at various locations along the center axis
of the bed. In *me runs, samples of the exit gas wre
taken periodically for determination of % C02j, and various
temperature, pressure and flow rate data were recorded.

vi. Collection of data contirned in this manner until the
maxfrmi catalyst temperature reached a prodeternined
upper liit, or until conversion reached essertially 1CC .
Then the gas streem were shut off in the order of propae,
oxygen (air), and nitrogen.

vii. The Instruments were recalibrated.

viii. When cool, the reactor tube was removed frca the furnace
and emptied of catalyst. The catalyst was examined visually
and weighed for ccmparison with the initial weight chareed.

In the liquid fuel runs made during the basic process studies, the s"me
test procedure was employed, but care was taken during startup to insure
the absence of residual fuel fram a previous run. This was done by
testing the exit gases for CO2 while passing a mixture of nitrogen and air
through the reactor as the furnace temperature was raised.

The propane used In these runs was c.p. grade, vith
ainnlum purity of 99%. The nitrogen was purchased in liquid form, and bad
a mimm purity of 99.9%. Zh air was obtained fro a campressor, and
passed through a separator, trap and filter before entering the test
apparatus.

(3) Results

Screening test runs were made on all of the ccaercial
catalysts listed in Table I, with two exceptions. The Code L catalyst
was not tested because it was delivered 9o late in the progren that to
run it would have seriously disrupted other experimental studies requiring
the su apparatus. The Code C catalyst was not tested because of its
similarity to Code G and H catalysts. Conditions used in the screening
tests are s zed in Table n; the space velocities ranged frm 7.500
to 100,000 br'-, and the catalyst volume was either 15 or 25 cc. A 20%
excess of fuel was ud inthe first 3 runs a-i in the table; althers
wer carried out with the stoichi tric ratio.

1~4
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Reseults obtalnemd in the scr-ening tests where sii-
ficant conversion was observed are tabulated in Appendix A, Tables l-A
through IX-A. Figures 2, 3 and 1-A throumh 6-A show clearly the
effect of temperature on conversion in each case. In some of these tests,
the conbustion gases were sanpled and analyzed for C0 2 content. This wade
possible the ccmletion of a carbon balance, ascrning all consumed o4ren
to be accounted for by CO or C 2 . Calculated fractions of reacted proyane
converted to C02 as a function of conversion level are shown in Figures 4
and5.

(4) Discussion

Of those catalysts tested, the Codes 0 & R
catalysts proved to be inactive for this reaction at temperatures up to
the wupplier's maximum recomended values. All others showed signi-
ficant activity. In the temperature-conversion curves, two conversion
functions, oq'gen in/oxygen out an4 In (oxygen in/oxygen out), are plotted
on a log scale versus the reciprocal of the absolute "hot spot" temperature.
The former should be a straight line if tht eaction is overall second-
order with respect to hydrocarbon, and the iatter should be a straight line
if the reaction is overall first-order. (This interpretation Is developed
in Appeniix B.) In the present screening tests, It is inferred that the
kinetics rql4te to the concentration of propane, since it has been observed
previouslytMi that the cidation of propane over many catalysts appr=-
imates first-order with respect to propane concentration and zero-order
with respect to cyen concentration. ThMe curves indicate that a first-rder
kinetic relationship obtains for the combustion reaction(s) carried out in
the presence of all but two of the catalysts. Catayst D showed an
overall second-order respanse, and Catalyst I shoved fractimnal-order
response.

Cde A catalyst and Code 7 catalyst are revealad
(Figres 2 and 3) to be the noa active of a tbe catalyst tested, U
to the maxim re e ed teperature for each catalyst, or to an arbitrary
iamxium tenperature of' 8oo0C. whichever is lwer. Mie 800C. teanerature

was selected as a zaxinw largely because it was knon that some of the
catalysts were sufficiently stable to remain active for long periods of time
at that temperature. The use of lower temperatures would be preferred, in
fact, as a means of lessening both the preheat requirements on startup and
the heat exchange duty for cooling the cccbustor exit gases.

The initial saple of Code F catalyst consisted of 5/8'
rings, hich is the farm in which it is normally used. To preiare it for
teat in our apparatus, the rings were crushed and sized to obtain a fraction
of particles between 8 and 16 mesh (Tyler designation). Back pressure
increased during the screening test, which was probably due to further
mechanical breakdown of the catalyst a a, leading to classiz of flAw
ch=nra . As a remat, the ma;id= attairab!e fjn' was ehyiva.ent to a
space veUcity of only 21,800 hr.-I. The data 0btnir=d ( Z..ble MVA CMi
FIV12e 3) irdcated the Code F catalyst to ha a nuch hither rate of incr u e
of cmversion with t~yvrature than any of the otcr catatjyst. ftnEear,
there vwa tachnical diffriculties durina the teat(1,M), =di the ,1'-7 ftsl
test recults (Mble X-A) with Code F catalyst in 1/8" x 1/8" tablet foiu
are awe mewtinZfu inasmuch as no evidence of mechanical degradation vas saen.
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These are aore closely comparable with results obtained with jet fuel
over Catalyst A at the same space velocity. The co=eprison is shorn
in Figure 14, where it Is seen that Catalyst A is more active. For a
more rigorous comparison, catalyst size and shape should be identical.

Differences in C02 /CO distribution in the exit gases
are significant because of their effects on the amount of free oxygen
converted per unit quantity of fuel burned, and associated heat and
volume (pressure) effects. The plots in Figures 4 and 5 show that the
Code A and Code F catalysts are characterized by high conversion of CO
to C02 . The low conversion over Codes J and fatalysts is in line with
the experience of others using V2 0 catalyts%

Aside from features already mentioned, the various
catalysts tested in the screening program did not exhibit any other
distinguishing characteristics.

c. Screening of New Catalysts

(1) General

A catalyst that had not yet reached comercial status was
tested. This formulation indicated it might provide higher thermal
stability with little penalty in initial activity. The catalyst desig-
nated Catalyst M, was given a screening test at a space velocity of
100,000 hr-" using a stoichiametric mixture and propane fuel. Run
conditions are given in Table nI (CcP-27).

(2) Results and Interpretation

Data obtained for the screening test using Code X catalyst
are iarized in Appendix Table -XXA. A coniersion of 30% van obtained
at the maximm furnace tenperature (526'C.), giving an cbeu of abcut
.80C. at the "hot spot" location. Figure 7, where data for regular Cede A
catalyst at several space velocities are plotted, shows several points
from the run with Code M, indicating lover activity for propane oxidation.
Unfortuately, time did not permit further testing under directly cc'parable
conditions.

d. Basic Process Studies

(1) General

A selection of catalysts was made based on the ccreening test
results, in order Vtat work under this task of the prograa might be con-
centrated on one or two catalysts. Code A and Code F catalysts were
selected for the process studies. All experimental work was conducted using
the test apparatus described previously (Figure 1). Most of these studies
were ade using propane and JP-7 fuels. Some tests on Catalyst A were carriedout using a JP-4 fuel representative of KCL-T-5161G specification, which is

about as low in quality as JP-4 can be.
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The following discusaion indicates several areas in which
additional study is advisable, but could not be undartake asa part of
the present program due to demands for manpower and apparatus on other
essential tasks in the program.

(2) Results and Discussion

(a) Space Velocity

The effect on catalyst performance of changes in space
velocity was studied simply by adjusting the total flow of inlet gas to
the catalytic reactor. Except where the effects of variations in reactant
ratio were the subject of study, these runs were made at the stoichimetric
ratio. The accuracy of the reaction rate constants calculated therefrm
was not as high as can be obtained in the laboratory because significant
(urnmeasured) radial temperature gradients existed in the catalyst bed.
However, the uniform treatment of the data in these tests did yield rate
constants of value for conceptual design studies. The rate constant at
any given temperature was calculated from the run data, assuming that the
entire charge of catalyst was at this temperature; in reality it was the
maximum temperature measured in the central thermoell.

The first part of this diucussion is confined to tests
made with propane as fuel. The effect on Code F catalyst performance
of variations in space velocity was investigated in two runs. Conditions
are summarized in Table III, data in Tables XII-A and MIu-A in Appendix A,
and the first-order data plots are given in Figure 6. Similar information
was obtained for Code A catalyst, see Runs CCP-6, 8 and 23 in Tables ME
and III for conditions, Tables II-A, XIV-A and XV-A for data summaries, and
Figre 7 for plots of the data.

A discussion of Code F catalyst results is of
doubtful value because cf the undetermined amount of dusting or crumbling
which took place(12). Catalyst A data are more reliable in this respect.
The plots in Figure 7 indicate a non-linear response of conversion to
space velocity at a given temperature in the space velocity (SV) span of
16,000 to 53,000 hr. "-. Additional data are needed before this can be
interpreted in terms of the catalyst and operating characteristics for propane
fuel. It is possible that additional information on temperature profiles
in the radial direction would help to account for the apparent non-linear
response.

A number of runs were made with JP-7 fuel over
Code A catalyst, using stoichiometric mixtures at various space velocities
in the range of 32,000-150,000 hr.-l, and these provided the basis for
calculation of the reaction rate constant using the Arrhenius equation.
The run conditions are summarized in Table IV, see JT-4, JT-5, JT-6A and
JT-6B. The calculation method is described in Appendix C. Results at
7M5C. are as follows:
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Run Nur-ler SV (hr-1) K (Vol. , Ivoi. cat.-hr.)

JT- 53,300 142,O0O

JT-5 100,000 113,000

JT-6A 150,000 19.,o0o

JT-6B 100,000 113,O0

The highest of these values was chosen as a basis for design calculations.
This choice is conservative because there in evidence [Section fl-g-f-(1)]
that the contemplated use of excess fuel vi provide higher oxygen con..
version. Aso, one can expect -to design an operational bed in which a
greater pcrtion of the catalyst is maintained close to the desired temper-
ature. The bed temperature of 725'C. wan chosen because the suplier of
Catalyst A advised that this catalyst had been found to have satisfactory
thermal stability at that level.

The design rate constant was in qaite good agreement with
the constant determined experimentally with a stoichiametric mixture of
JPJ fuel and oxygen, using a charge of diluted Catalyst A that had been
used previously for the 60-hour run with various excesses of'JP-4 (see
Table V). Data for the rate constn.nt determination are shown in Table
XXXII-A, Appendix A. Graphical inzerpretation of these data yield a value
of 218,000 hr-4 for K, the reaction rate constaut. The fact that the
reactor pressure in this run reached 32 psia may explain why the value is
about 13% higher than the design value (aee below).

(b) System Pressure

AZn attempt was made to ivaluate the effect of system
pressure on the performance of Code A catalyst with propane fuel. It
proved =successful due to the 1 ack of reliable pressure data. The pres.
sure effect was evaluated only in the case of liquid fuel and Code A
catalyst, and over the range of 0.5 to 15 psig, using the stoichiometric
fuel-air mixture. In these studies, system pressure was estimated at -the
midpoint of the catalyst bed using readings from gages in the entrance and
exit lines, and allowing for the relative amounts of inert ceramic beads
packed above and below the catalyst bed. Run conditions are given in
Table IV (see Runs JT-2 5 and 6A), and results were used to calculate
reaction rate constants under actual reaction conditions. The results of
these calculations are given in Figure 8, where TR and P represent the
*hot spot" temperature (K) and the pressure (psia) existing at the center
of the catalyst bed. All of these runs yielded data points at 6000C., and
a cOmpariso of the rate constants at that temperature vas made.

cu. ft. gaim
Run lmber Reaction pressure, psia K.(cu. ft. eat.-ec. )

JT-2 15.2 30.4

JT-5 21.7 51.1

JT-6A 29.1 53.0

volume includes volume of fuel vapor
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The above findings indicate an increase in the rate constant with increasing
system pressure. It would be useful to study the subject further in tests
where system pressure is varied independent of space velocity, the effects
of varying catalyst grain size are evaluated, and the pressure regime is
extended below one atmosphere.

(c) Catalyst Grain Size

ThIs study was confined to Code A catalyst. Although
all performance runs were made using the same size Catalyst A (1/16" dia. x
1/8" average length), the effect of particle size on pressure drop was
determined at two levels by measurements made while passing air at room
temperature through the reactor tube. A differential pressure gage
(Wallace and Tiernan Model FA141) connected to pressure taps in the top
and bottom end closures of the reactor tube was used. In addition to the
grain size given above, Catalyst A with 1/32" dia. x 1/16" average length
was tested. Blank data representing the reactor tube and catalyst bed
support internals were collected so that data for te catalyst bed orly
could be obtained by difference. The results are shown in Figure 9.

Because there is a volume increase associated with the
complete oxidation reaction, it may be expected that this effect (in
addition to normal thermal expansion) will cause a significant response
in pressure drop across the bed as conversion level increases. Such is
indicated in Figure 10, plotted from data taken in Runs JT-2 and JT-4.

(d) Temperature Profile

Data were obtained by thermocouple traverse in the
central thermowell, during all runs, to locate the maximum, or "hot spot",
temperature. The amount of exotherm was influenced by the extent of
reaction and other factors, as ineicated by data taken under differing
conditions. ne run was made, using propane as fuel, in which the Code A
catalyst charge was diluted uniformly with Inert ceramic beads in the ratio
of two parts (volume) of beads to one part of catalyst. Run conditions are
given in Table VI (see Run CT-2). This run produced a series of temperature
profiles along the center axis of the catalyst bed, which are $hm-a in
Figure 3.. Table IV and Figure 12 give corresponding information for a
run in which undiluted catalyst and JP-7 fuel were employed. See also data
in Table V and Figure 21 pertaining to tests with JP-4 fuel.

The curves in Figure 12 show that the exotherm, even
when operating with substantial nitrogen diluent, was in the vicinity of
3500C. at the central thermowell. When the catalyst was diluted (Figures
11 and 21), the exotherm measured from point of inflection was more
manageable, ranging from 2500C. to 320"C. depending upon conditions in the
run. Some shifting can be detected, resulting from changes in composition,
space velocity and preheat condition. One of the significant aspects of
profile cont:col is the effect of "hot spots" on the stabilit of catalyst
activity. During the useful lifetime of a catalyst bed, the point of
maximum reaction (and temperature buildup) will shift from one location to
another, until large portions of the bed have become thermally deactivated
to about the same degree. Superimposed an this pattern of deactivation
would be the temporary loss of activity, through coke deposition, and the
restoration which takes place via regeneration.

31

. ... ....... . .. .. .. . .. ... . .. I I III ii



maa-

vI I-U f

U

UA

49 0at F
IL s

IL

0

.4D&

toU =

32-



- CD

r4 v

4Z9 cc 0 uV
2..

w
tu

I C6

gx U.L
iun W LI.

wa
I.j

CD

C',

(Ziiww) dv WH~O unfss3ud

3



-j a

= 4c -4- -C

w twL,zz
CL *.J ~ >

00

CL wl--

w

wz

0 cl(

IL y

w. w

z j

ri U,

49 z

caa

IL

'Ixi

(3.) 3Vnl±Y~dWr2J.13MOWVi3H±



II

at.

P-
!uIC~R

SMu
a.

C. SM

IL 0

o

U 'tu

vi V

CLM

3aniviadvin- Ururs .ui

a3



e. Effect of Fuel Composition

(1) General

As stated above (II1-2-a), the relative activities of

catalysts for the oxidation of various hydrocarbons can generally be
predicted if one knows the relative activity for just one type of
hydrocarbon. However, testing of performance with military jet fuels was

specified as a part of the investigation to be made using catalysts chosen
as a result of the screening program. Through consultation with the
Technical Project Engineer, JP-7 was selected as the first priority fuel
for this purpose. A sample of JP-7 was furnished from the Aero Propulsion
Laboratory at Wright-Patterson Air Force Base, along with the typical
properties appearing in Table XXXIII-A. To augment this information, a portion
of the JP-7 sample was analyzed for sulfur, carbon and hydrogen content.
The results were as follows:

Sulfur content, % wt. none foundU

Composition:

carbon, % wt. &-3

hydrogen, wt. 15.7

The Aero Propulsion Laboratory also provided samples of JP-I

fuel representative of MIL-T-5161G quality. The inspection data are
given in Table xxxIII-A. It can be seen that this fuel differs substantially
from typical JP-7. The arcatics content is close to the maximum permitted
in JP-i, and the data otherwise indicate a relatively low-quality fuel.

In order to operate the l" tubular reactor with liquid fuel,

the liquid feed system shown in Figure 1 was installed and tested. This
provided for pressure-feeding of the fuel through a filter and meter to
an atomizing nozzle at the base of a heated vaporizing chmber. Hot

nitrogen was supplied to the nozzle as the atcizing fluid. The mixture

of nitrogen and fuel vapors was next passed tbrou& a heatted line to a
* position near the preheater where the air supply (and aire nitrogen) was

introduced. A check valve prevented backflow of oxyen-containing gases
into the vaporizing chamber. In generals this system functioned satis-
factorily, but fluctuations were encountered that required close attention
to maintain a desired flow rate in the range of 15 to 100 cc/hr.

Unreacted liquid fuel present in the reactor exit gases con-

densed in the line as the gases vere cooled as required for delivery to
the in-line analytical instruments. The hydrocarbon analyzer did not

function on liquid fuel runs; therefore, carbon balances were computed

call on propane runs.

* %y bomb combustion and turbidletry, sensitive to 25 X12.



(2) Tests and Results

The various runs made using JP-7 fuel were carried oit under
conditions sumiarized in Table IV. The test conditions for JP-4 fuel are given
in Table V. The purposes of these runs, and the results obtained are discussed
hereinafter.

(a) Space Velocity and Temperature Effects

Runs JT-2 and JT-4 (see Table IV' were conducted over Code A
catalyst at JP-7 mass flow rates calculated to match those used in earlier
propane runs made with standard nitrogen dilution and at the space velocities
shown in the table. Tables XVI-A and XVII-A (see Appendix A) give sumaries
of the data obtained, and Figures 8-A and 9-A give the temperature vs con-
version plots based on these data. As in the case of propane, first-order
dependency is indicated. Comparison of the first-order lines in these
figures with those in Figure 7 indicate a more gradual slope with the jet
fuel, undoubtedly reflecting oxidative attack on the higher-molecular-
weight hydrocarbons in the low-temperature regime.

Additional runs were made with Catalyst A at still higher
equivalent space velocities, ranging as high as 150,000 hr.- 1 . See con-
ditions given in Table IV for Runs JT-5., JT-6A and JT-6B. This series of
runs was made over the same charge of Code A catalyst. The higher space
velocity in JT-6A was achieved by increasing the flow of diluent nitrogen,
and the conditions in JT-6B were matched to those in JT-5 as a means of
detecting any change in activity. Me data obtained are summarized in
Tables XVIII-A, XIX-A and XX-A, and plots based on these data are given
in Figures 13, 10-A &11 . An inspection of these data and the first-order
plots shows very little effect of space velocity n conversion, at a given
temperature. The most probable explanation for this is the increase in sys-
tem pressure, especially at the higher end of the range. Increased pres-
sure would be expected to favor increased conversion if the diffusion of
hydrocarbon into the pores and/or the adsorption of hydrocarbon onto the
catalytic surface are rate-controlling steps. This is in line with the effect
of using an excess of hydrocarbon, as brought out elsewhere Dection II-2-
f-(l)].

The 150,000 hr.-I space velocity run was made at the
upper limit of our test apparatus, and does not represent an upper limit
for the catalyst. There was insufficient time to modify the apparatus
to permit higher flow rates; therefore, the performance of the more active
catalysts has not been fully evaluated.

(b) Effect of Sulfur
We were advised that Code A catalyst had been found

insensitive to poisoning by the sulfur normally found in motor gasoline.
Our analysis of the JP-7 fuel showed no sulfur present, down to the assay
sensitivity limit (25 ppm).. The JP-4 fuel samples contained 0.16%
sulfur. The effect of this sulfur per se on catalyst performance was not
isolated, but the results of the 60-hour test run and the activity checks
be. -c! and after the run (Figures 18, 19 and 20) indicatedlittle or no effect.
O ,emcal analysis of the Code A catalyst used in these tests showed that the
S content of the catalyst had increased from 0.03% to 0.47% at the end
of the 60-hour performance test and that regeneration caused a reduction
to 0.*2%.
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(c) Coke Deposition

It was not possible to calculate the production of
coke in runs where liquid fuel was used, due to the inoperability of the
hydrocarbon analyzer. However, there was direct evidence (Section ll-2-f)
of coke depositicn with JP-4 and JP-7 fuels. The later discussion also
describes a regeneration treatment which successfully removed deposits of
coke. It appears from the available data that coking can be expected under
excess fuel conditions, regardless of fuel type, but that no special dif-
ficulty would be presented unless a fuel were used that would allow metallic
poisons to accumulate on the catalyst.

(d) Catalyst Type

Only one comparison was made between Code A
and Code F catalyst using JP-7 fuel. The run conditions are given in
Table IV (Runs JT-5 and JT-9) and data are given in Appendix Tables
XVIII-A and X-A." Figure 7-A gives a plot of the data, and Figure 14 shows that
catalyst A is clearly more active than Catalyst F, under these conditions.

(e) Conversion to CO2

Data were obtained n conversion of JP-7 to carbon
dioxide, as opposed to the monoxide, using the technique explained pre-
vicusly. A plot of fraction converted to COa vs conversion level is
shown in Figure 15, where it is seen that Code-X and Code F
catalysts Nehave similarly as in the oxidation of propane (see Figure 5).
The fraction converted to C02 was calculated as equal to:

CQ2 in exit g.as 4 z
7002i -1 0Out 9

which is based on the c&emical reaction:

C *T + 1402 9C02 + 10 20

Similar values obtained during the 60-hour run with JP-4
and Catalyst A are indicated in Figure 18# where it is seen that the fraction
of cagen converted to C02 is about 70%. This significantly lower value
appears to be a function of fuel cmiosition, possibly reflecting the higher
aramaties content of the JP-4.

(3) Discussion

All of the above experimental findings indicate that
JP-t and JP-7 fuels offer no serious problems insofar as catalyst performance
Is concerned. The JP-4 tests are of special significance because the proper-
ties of the NIL-T-5161G samples used represent about the most deleterious
that could be expected in field use, and because the tests were carried out
over a period exceeding 60 hours. Several asp-eta remain to be explored in
greater depth, particularly the performance effects associated with higher
space velocities and a wider range of pressures.
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f. Optimization and Regeneration Studies

The experiments conductea in thk part of the program were
directed towrard the selection of operating conditionr that would most
nearly represent satisfaction of the system performance targets. The
various parameters studied are identified in the discussion which
follows.

(1) Excess Fuel

Reactant ratio is one of the i.portant operating parameters.
If a fuel-lean mixture is employed, conversion of oxygen would be expected
to decrease. If a fuel-rich mixture is employed, conversion of oxygen
would benefit, but the rate of coke deposition might be excessive. A
simplified picture if the process indicates that carbon contained in the

fuel molecules may react to form one or more of the products: CO2, CO
and C. The corresponding reactions consume different amounts of oxygen.

Hence, when propane is used as fuel (thereby allowing use of the hydro-
carbon analyzer) the oxygen, hydrocarbon and C02 content of the exit gas
can be used to calculate the amount of coke formed, as carbon.

(a) Run CT-I With Propane Fuel

An extended run was made tn -tudy the performance of
Code A catalyst with propane fuel in varying degrees of excess. It was
expected that the fuel-rich mixture would promote coke deposition, hence
this was referred to as a coking run. The run, conducted over a period
of 36 hours, was made up of three periods in which Lhe excess of fuel was
varied from 100% to 300%. (See Table VI, Run CT-1.) Computations made

from the data are plotted in Figure 16.

'The conversion of oxygen was above 95% throughout the
run, attributable to both the excess of fuel and the maintenance of a
"hot spot" temperature above 750*C. Examination of the propane conversion
curve indicates coking during each of the periods. For example, during
Period I the theoretical maximum oxidative conversion of ptopane is 50%;
therefore, a substantial conversion to non-oxygen-containing products is
inferred during the early part of the period. The shaded area below the
coke curve represents the calculated amount of coke formed (as carbon)
and implies a production of 60 grams during the entire test. More interesting
is the shape of the coking curve in each period, showing an initial high rate
of formation followed by a decline. This indicates the possibility of a
change at the active catalytic surface (such as a change in oxidation state)
representing an adjustment to the new hydrocarbon concentration.

Analysis of the catalyst used in Run CT-I showed an
accumlation of 4% (weight) carbon, representing only about 1 gram of the
60-gram calculated production.

(b) Run CT-2 With Propane Fuel

A second coking run of 60 hours duration was carried out
using prop he and Code A catalyst. Conditions are given in Table VI,
and differed from those in Run CT-1 essentially as follows, The catalyst
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was diluted with inert ceramic beads in the ratio of two parts beads to
one part catalyst. During the six operating periods, variations were made

in the amount of diluent nitrogen, and the amount of fuel was either
stoichiometric or in 1OCiv excess. Periods I and VI were made at "baseline"
conditions, the latter representing a performance check. Except for these

periods, the hot spot temperature was generaLly higher than in Run CT-i,
despite the catalyst dilution, because of the reduced flow of nitrogen
diluent.

Figure 17 shows the conversion of reactants to products
during the run, including calculated production of coke as carbon. It can
be observed in the Figure that conversion of oxygen rose to the 954$ level
at the start of Period II, and remained there through Period V.. The brief
operation during Period VI produced results similar to those obtained in
Period I. The calculated conversion of propane to coke was nil prior to
Period V, except for a brief time during Period I. The hieh cotnversion to
coke in Period V coincides with the highest catalyst temperatures recorded
during the run, and suggests that catalyst bed temperature should be limited
to 800C. or even lower (under excess fuel conditions) in order to minimize
coking. Looking at both coking runs together, the high coke production
during Period I of Run CT-l may in large part be attributable to localized
overheating in the undiluted catalyst bed.

(c) Excess JP-7 Fuel

The effect of using excess fuel was studied further
using JP-7 liquid fuel. Run JT-7 was made with a charge of catalyst
that had been used previously in Runs JT-5, JT-6A and JT-6E. Conditions are-
given in Table IV, where it is seen that 100% excess fuel was employed, and
the space velocity was 100,000 hr.-l. A summary of the run data is given
in Table XXI-A, and a plot of the conversion data appears in Figure 12-A.
Comparison of the results with those of Runs JT-5 (Figure 13) and JT-6B
(Figurell-A)(same conditions except stoichiometric ratio) show that the
excess fuel makes a significant difference in performance. The rate-constant
at 7250C. for Run JT-7 was found to be 373,000 br.'i, as compared to
143,000 hr.-l for Run JT-5. A deposition of coke took place in Run JT-7,
as evidenced by the results obtained on regeneration of the catalyst (see
Section III-2-f-(3) below).

(d) Excess JP-4 Fuel

A run of 60 hours duration was made to define the performance
of Catalyst A while operating with an excess of JP-4 fuel typical of the
MIL-T-5161G specifications. During most of the run, a mixture containing
approximately 100% excess of JP-4 was used (see Table V) but, as shown in
the table, there were periods during the first half of the run when the
excess of fuel ranged from 45% to 400%. L summary of representative run
data is presented in Table XXVI-A, and a plot showing the principal performance
trends is given in Figure 18. Tables XXVII-A and XXVIII-A contain summaries
of performance test results obtained with pror-ne under standardized con-
ditions before the 60-hour run, and Tables XXIX-A and XXX-A contain similar
information obtained after the run. Plots of these data showing the usual
kinetic relationships are given in Figures 19 and 20. Inspection of these
figures gives little indication of a performance decline, within the limits
of the scatter in the data. Figure 21 shows several of the temperature pro-
files obtained during the JP-4 run, as well as one taken immediately prior
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to the run while feeding propane fuel. As observed previously, the "hot

spot" location is seen to shift position. Figure 18 show; that the

fraction of oxygen converted to CO2 may have declined about 10% over the

course of the entire run, but was stabilized at the 7% level during the

last 25 hours. The "hot spot" temperature in the central thermowell

stabilized at about 7650C. over the last 25 hours.

A sample of catalyst taken at the conclusion of the

60-hour Jp- 4 run contained 10.6% carbon, indicating a considerable

deposition of coke. The specific surface of this sample was 139 m
2/g,

as compared to 191 m2/g for fresh Catalyst A. It is not known if the

level of coke had reached an equilibrium value, or if it was continuing

to increase as the test progressd. The fact that the sulfur content of

the catalyst was reduced from 0.47 to 0.20% during regeneration indicates

that at least a large part of the sulfur was associated chemically with the

coke deposit, rather than with the catalyst itself.

(2) Excess Oxygen

One possible arrangement in the inerting subsystem would
utilize a two-stage catalytic reactor. As discussed elsewhere, this would
have the advantage of limiting the amount of heat released within the
catalyst bed, and would permit preheating of the fuel-air mixture (outside
the normal combustibility limits) without danger of premature ignition.
To test the performance of Catalyst A under conditions that would simulate
this situation, Runs FI/M-1A and FIM-lB were made using propane fuel. Run
conditions are given in Table III, where it can be seen that no nitrogen1
diluent was employed, and that space velocities of 31,900 and 63,80Q hr

-

were used. Summaries of the run data are given in Tables XXII-A and XXIII-A,
and Figure 22 shows a plot of the first-order data obtained in each case.
It is indicated by these results that the kinetics deviate considerably from
the first-order relationship, and that conversions are below those obtained
over the same catalyst under stoichiometric or fuel-rich conditions, again
indicating the importance of hydrocarbon concentration In the rate-controlling
step. Nevertheless, high conversion levels were attained (see tables), and
it appears that the two-stage concept is feasible.

(3) Regeneration

The charge of catalyst contained in an operational catalytic
reactor can most readily be regenerated withovt removing it from the reactrr.
Conceptually, either the reactor itself could be removed from the aircraft
as a cartridge unit, or the regeneration could be performed in place (on
the aircraft) by making connections to a service truck. In either event,
the regeneration would involve passing a flow of oxygen-containing gases
through the bed at a temperature sufficient, to support combustion. The
gas mixture hould not be too rich in oxygen, otherwise the catalyst might
become overheated.
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To test this concept, a cha'rge of catalyst used successively
in runs JT-5, JT-6A, JT-6B and JT-7 (Table IV) was regenerated in place,

ei.., the charge was held, in the reactor tube while blanketed with nitrogen
between the end of Run JT-7 and the start of regeneration. To perform the
regeneration, the temperature of the furnace surrounding the reactor tube
was raised while maintaining a flow of nitrogen. When the furnace temper-

A: ature reached 476 0C., the reactor inlet temperature was 270C., and oxygen
was introduced into the feed gas. The feed gas composition was C nitrogen
and 20C% air, corresponding to a reading of 4.2% on the oxygen analyzer.
These conditions produced a moderate exotherm in the bed. The regeneration
process was continued with close watch maintained on catalyst bed temperature
and exit gas composition, using both the oxygen analyzer and samples for CO2determination by infrared analysis. Data are summarized in Table VII, which

* shows completion of the reaction after 85 minutes.

Following regeneration, the catalyst charge Ms used in two
performance tests involving a fuel-lean mixture, presumably without any
laydown of coke. Then it was given an activity check using propant at
standard conditions (Run CCP-28, Table III). The results of this test are
summarized in Table X=V-A. Appendix A. The change in activihj is indicated
in Figure 23, where conversion is compared against that of a char-e of fresh
catalyst under otherwise similar conditions (see data summary of Table XXIV-A
and run cnnditions in Table III, No. CCP-26). In the 60-80% conversion range,
the loss of activity is seen to be represented by a tcmp7erature change of
30-40°C. At the conclusion of Run CCP-28, a sample of the catalyst was found
to have a surface area of 133 m2 /g and to be free of carbon.

A second regeneration experiment was carried out using the
charge of Code A catalyst that had received a propane activity check fol-
loving the 60-hour run with JP-4 fuel. The regeneration conditions and data
are summarized in Table VIII. The fact that the exotherm on regeneration
was not as great as in the test mentioned above can be attributed to the
catalyst dilution. It is seen in the table that the production of CO2 was
continuing when the regeneration operation was terminated. Chemical analysis
also indicates that regeneration was incomplete; 2.4% carbon was found onthe catalyst. Other changes caused by regeneration were a reduction in
sulfur content from 0.47% to 0.20%, and an increase in pore volume (mercury
porosimetry) from 0.49 to 0.60 ml/g. Specific surface was unchanged at
139 vs 235 m2/g.

The effect of this regeneration treatment on catalyst activity
was checked using propane fuel, and a comparisoa is given in Figure 24.
It can be seen that there -was no substantial ei fect, and it cannot be said
that there are any benefits to be gained by regeneration after 60 hours on
stream with a 100% excess of JP-4 fuel.

Further work is needed over longer periods, to determine just
how long the catalyst can be used without regeneration. It would be desirable
to carry this work through at least two complete regeneration cycles, or
5 00 hours of reaction time, whichever comes first, and to operate at mixtures
more representative of anticipated operations, i.e. approximately 10% excess
fuel.
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TABLE VII REGENERATION DATA FOR CODE A CATALYST
AFTER TESTS WITH JP-7 FUEL

Catalyst Reactor Furnace Exit Gas Analysis

Elapsed Time Bed Temp. Inlet Temp. Tmep. Oxygen Carbon Dioxide

(0c) .'c) (c ) ( Vol.) (.I Vo.

0 5142 270 476 4.28 0.00

10 674 270 480 0.20 4.43

15 7149 270 484 0.20

20 757 270 488 0.27 3.53

27 763 270 495 0.45 3.40

29 763 271 496 0.55 3.40

35 736 271 505 0.88 2.75

42 732 271 507 1.42 2.26

50 697 272 509 2.38 1.53

57 650 271 509 3.20 1.13

63 620 271 505 3.80 0.36

75 568 271 503 4.22 0.00

* 85 556 271 500 4.28 0.00
5
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TABLE VIII. REGEN4ERATION DATA FOR CODE A CATALYST
AFTER TEST WflH MIL-T-5161G FUEL

Elapsed Catalyst Reactor Furnace Exit Gas Analysis
Time Bed Temp. Inlet Temp. Temp. Oxygen Carbon Dioxide
(min.) (*C) ( ( Vol.) (N Vol.)

0 471 218 388 4.29 -

15 497 216 405 Lk.18 --

30 525 228 431 4.06 --

45 545 239 451 4.0-

60 572 242 1448 4.05 ---

70 550 245 454 4.06 -

- RESTART 3.84 -

80 590 273 498 3.72 0.132

95 595 273 499 3.76 0.066

no 607 278 510 3.76 o.o4

Z25 607 278 512 3.82 0.04
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(4) Activity Stability

Target performance calls for a minimum of 50 hours service
before the catalyst requires regeneration, and 500 hours useful service
with periodic regeneration. Several test runs with Code A catalyst provide
data of pertinence.

Coking Run CT-i (Table VI) was peiarmed using propane fuel
and a single charge of fresh catalyst. Total reacLion time was 36 hours.
No activity check under standard screening test conditions v made at the
end of the run, but a surface area of 136 m2/g was measured. Coking Run
CT-2 was also made using propane fuel, and was of 60 hours duration. Surface
area determinations showed a drop from 191 m2 /g to 164 m2 /g, somewhat less
than in CT-I. Another sample of catalyst was used successively in Runs JT-5,
JT-6A, JT-6B and JT-7 (Table IV); then in Runs F14-lA, FLM-lB and CCP-28
(Table III). After this usage, surface area was found to be 133 m2/g.
The supplier of Catalyst A stated that results from tests in other programs
had shown that deaotivation due to loss of surface area is not severe until
the area has decreased to about 50 m2/g.

Periods I and VI during Run OT-2 allow .a comparison of per-
formance under standard screening condi-.ions. Figure 25 shows plots of
conversion vs temperature during these periods, and indicates a loss of
activity equivalent to approximately 10% conversion at the same temperature
level in the range of 60-90% conversion.

The smaller loss of specific surface in CT-2 as compared to
CT-i suggested that dilution of the catalyst was helpful in reducing the
buildup of localized high temperature zones in the catalyst bed. The
extended run with JP-4 fuel yielded a loss in specific surface equal to that
found in CT-i, suggesting that there is also a fuel effect. Clearly, longer-
term testing is indicated for a satisfactory definition of performance as a
function of catalyst age and conditions of use. However, the performance
results obtained using relatively lov-quality JP-4 over a period of 60 hours
are encouraging. Although there was a buibstantial accumulation of sulfur
and carbon on the catalyst, this did not seem to affect its performance.
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SECIMON IV

WATER RIU40VAL STUDIES

1. fITRODJCTION

The mechanisms by which drying agents function may be classified as

follows •

I. Chemical reaction

a. Formation of a new compound

b. Formation of a hydrate

II. Physical absorption, constant relative humidity
(solid + water - saturated solution)

III. Physical absorption, variable relative humidity
(a solution or liquid + water - diluted solution)

IV. Adsorption on the surface of a solid

The effectiveness of any drying agent can be expressed in terms of
two parameters, capacity and efficiency. Capacity refers to the rzount
of water that can be removwd and held by a given weight of agent; it is
generally expressed in weight-for-weight units. Efficiency refers to the
degree of dryness that can be produced by the agent, and may te expressed
in several ways, such as specification of the relative humidity, the water
iapor pressure, or the dewpoint of the gas being dried.

In the present study, special attention is given to the performance
of drying agents at elevated temperatures (between room temperature and
the normal boiling point of water) because the operational unit will have
to function in this range during flights at supersonic speed.

2. LITEATURE SURVEY

The muuber of materials which exhibit hygroscopic properties is large.
Those listed and discussed briefly below are the ones most ccaonly used.
A mznation of the more important characteristics of each is given in
Table ZX.
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DArium Oxide

Barium oxide is used primarily as a laboratory drying agent. It is
one of the most active dehydration agents, and is the only agent which
continues its drying action even at a red heat. It absorbs rapidly, with
the evolutia or considerable heat, forming barium hydroxide which is stable
at least up to 10000C. Further addition of water gives a series of hydrates,
Ba(OH)2 -H20, Ba(OH)2-3H20, Ba(OH)2.8H20, Ba(OH)2 -16H20.

Barium hydroxide reacts with carbon dioxide to form barium carbonate,
which is a poor, insoluble desiccant. This carbonate forms scale on the
surface of the BaO, interfering with its drying properties.

Boric Acid A&.ydride (boric oxide)

There is little in the literature on boric oxide performance. In
tests run at 23"C., it performed efficiently until moisture to the extent
of about 28% of its weight had been absorbed(i5). The change from the
anhydride to metaboric acid requires 25.8% of water. Boric oxide is more
efficient than sulfuric acid and calcium chloride but is somewhat inferior
in this respect to phosphorus pentoxide and magnesium perchlorate. No
reference to a reaction of boric oxide with carbon dioxide was found.

Calcium Chloride

The outstanding advantage of this agent is its low cost. When used in
a desiccator, anhydrous CaCd 2 is rapid in its action (7.5 - 15 min. to
reach equilibrium), but its efficiency is inferior when compared to the
three most efficient drying agents, namely, phosphorus pentoxide (P2 0 5 ),
barium oxide (BaO), and magnesium perchlorate (Mg(C104 ) 2 ).

Calcium Oxide

As & debydrant, it is primarily used to remove small amounts of water
fro organic 3±4.iads. Th? reaction rate of CaO with H2 0 increases rapidly
as the temperature approaches 100"C. However, calcium hydroxide reacts
with carbon dioxide, and air-slaked (carbonated) CaO is not a good desiccant.

Calcium Sulfate

Calcium sulfate is used as a desiccant of high efficiency and unusual
versatility. Under the trade name of Drierite it is widely used in the
laboratory and In industry for drying solids, organic liquids, and gases.
At low temperatures, the dihydrate of CaSO4 is stable, but at temperatures
of interest in this program the reaction involved in the absorption of water
vapor is a follows:

CaS04 + W 04 4 caso 4-j H20 + 17,000 calories
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and represents the absorption of 6.6% by weifht of the anhydrous salt.
.ince the reaction is reversible indefinitely, the drying agent may be
used and regenerated through many cycles of operation. The drying
efficiency, determined by the equilibrium vapor pressure of the system
CaSO4-CaS04-O.5H20, is approximately 0.005 m.m Hg at 25-30.5"C., corresponding
to a residual moisture content of 0.067 mg of water vapor/liter, or 4 ppm.

Although Drierite has served at temperatures between 100"F. and 2W0F.,
it is commonly used at temperatures of 1000F. and below.

Lit ium Chloride

Lithium chloride is the most efficient of the halides for the removal
of water vapor. The three hydrates are LiCl.120, L*Cl.2HnO, and LiClo3H,20.

Lithium chloride has other favorable properties besides its ability
to produce a low relative humidity. The solutiors are more stable to air

and less corrosive than the other halides. The carbonate salt is a thousand
times more soluble than calcium carbonate, CaCO3, and about a hundred times
more. soluble than MgC03. Therefore, scale formation is usually no problem.

Phosphorus Pentoxide (PO ) and Phosphoric Acids

Phosphorus pentoxide i: so efficient it is used as the reference point
.'for evaluating other drying agents. The properties of P20O are affected by
the method of preparation. Its normal vapor pressure is 760 mm Xg at 250*C.
At higher temperatures, the crystals polymerize, the vapor pressure falls to
a few mm of Hg, and other properties are affected. Because of its hiRb vapor
pressure, P 2O should never be heated above 130*C. Its main advantages are
a high absorption rate and the ability to produce very low vapor pressures
of water.

Silica Gel and Other Solid Adsorbents

The silica gels are the most widely used of the agents in Class IV. They
are classed as amorphous solid adsorbents. Crystalline adsorbents such as
certain zeolite compounds also belong in Class IV, and are characterized as
having higher capacity in the low water concentration ranges and a less pro-
nounced loss of performance with increasing temperature, as compared to the
amorphous type.

Perchlorates

Magnesium perchlorate is among the most efficient drying agents.
Anhydrous magnesium perchlorate has very strong desiccant properties even
at 1350C.; its various hydrates show good capacity, and even the highest
hydrate (6 H20), is an efficient drying agent. There is one very important
drawback, however. The perchlorate should never be used in the presence of

* organic compounds or acids since percbloric acid is violently explosive.

Sodium and Potassium Hydroxide

Alkali hydroxides are used primarily when it is necessary to remove both
moisture and traces of acid gases, such as carbon dioxide and hydrogen sulfide.
Regeneration is not practical with the alkali hydroxides.
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3. SEICTION OF FEAShLE 12=

In order to reduce the water content of the ballast gas to the
lowest possible level (target - 5 ppm), a dual system appears most practical.
The gases will first be passed through a drying Lgent of high capacity and
reasonable efficiency, then contacted with a high-efficiency drying agent
to assure the dryness required. The advantages of this arrangement are
that some high-capacity agents can absorb several times as much water as

C the common high-efficiency agents, and the high-capacity agents character-
istically have a weaker chemical affinity for the absorbed water, hence
liberate less heat per pound of water absorbed. Because of anticipated
cool':.t limitations. a reduction in heat load helps to reduce the overall
weight of the inerting package, and/or improve its efficiency.

Agents in Classes 3I and In (see above) involve liquids or the fo.ma-
tion of liquids, and are not considered in this study because of difficulties
anticipated with shifting attitudes and entraiment.

It is clear from consideration of the essential difference between
equilibrium absorption and that which is attainable in a flow system that
conditions favoring rapid pickup of moisture are desirable. For a given
agent, this means utilization of the smallest practical grain size in order
to increase the *effectiveness factoro, i.e. miniize the limitation in
overall rate caused by pore diffusion.

Agents that decompose water can be considered for final cleanup
(a possible third stage), as long as the resultant volatile products are
non-hazardous and non-injurious to the fuel handling subsystem and the Jet
engines. Metal hydrides, for example, would be objectionable due to the
liberation of hydrogen, the presence of which would greatly widen the limits
of flamability of the vapors in the fuel tanks. Calcium carbide, however,
may be suitable. The acetylene generated in its reaction with water would
be soluble in the Jet fuel, and would have little or no effect on the
flawbility limits. In the event calcium carbide is considered further,
the presence of small quantities of acetylene in the fuel delivered to the
engines would have to be verified as non-objectionable.

7!4. EORACTET

a. Selection of Candidate Agents

The following qualifications are highly desirable for agents
used in the removal of water under the anticipated conditions.

a High degree of reactivity

* Large capacity

* Little change in efficiency with rise in temperature,
up to l000c.

* No tendency to react with CO2 or hydrocarbons

e Ability to function at low pressures

* Low heat of reaction.
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Consideration of the information in the literature relating
to various candidntes led to these findings:

" Perchlorates are not suitable because hydrocarbons or
acid gases react to form explosive perchloric acid.

" Silica gel and other adsorbents cannot be considered unless
means are devised for maintaining the drying agent at temper-
atures where performance is satisf4ctory.

" Oxides which react with COQ2 to form insoluble carbonates
cannot be used. The carbonates are poor desiccants and
they form barriers (scales) on the surface of the oxides,
destroying the desiccant function. This prevents consider-
ation of BaO and CaO.

" Calcium sulfate, lithium chloride, and phosphorus pentoxide
cannot be used above 100", 98" and 130"C., respectively.
The volatility of P2 Os merits special attention.

" For desiccants not excluded or limited by the above
considerations, little or no information is available
concerning capacity, efficiency and rate of absorption
at temperatures in the range of interest.

A limited number of agents were selected for experimental testing, and
they are listed below together with grade designations.

* Calcium chloride, anhydrous, reagent A.C.S. grade

e Calcium sulfate, ambydrous, "Drierite"

0 Lithium chloride, reagent grade

* Potassium hydroxide, reagent A.C.S. grade

I

* Boric anhvdride, analytical reagent grade

b. Procedures

() Analysis

Three of the desiccants were analyzed before use.
DeteImiination of water was done by the Karl Fisher method. This method
was unsatisfactory for boric anhydride because of an interference. The
data obtained were as follows:
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4
calclumloride 0.71%

calcium sulfate 0.0613

sithium chloride 0.72% -

(2) Perfcr-.ance Test Apparatus

The candidate agents were evaluated experimentally
using an assembly of apparatus shown in Figure 26. This setup made it
possible to feed mixtures of humidified nitrogen and carbon dioxide to
an absorption train consisting of three U-tubes in series. The gas
mixture was capable of similating the expected real situation in two
essential respects:

a Regulated flows of preheated dry nitrogen and
carbon dioxide represented the products of
complete combustion of a hydrocarbon, ex water.

o A thermostated humidifier was used to humidify
the dry gas mixture to a desired level.

It is seen that the 3 U-tubes were connected in series within a thermostated,
stirred bath. The bath insured a uniform, known initial temperature, and
provided an isothermal environment for each U-tube under test. Not shown
in the figure is an auxiliary tank and piping system that made it possible
to raise and lower the bath medium to facilitate the installation and removal
of the tubes. The gas mixture leaving the third U-tube was directed through
an air coil (necessary in elevated temperature runs) to the indicating-
recording hygrometer, a Beckman Model 719 instrument with range of 0 to 1,000
ppm water. Additional data were read by means of an indicating potentiometer,
to obtain the temperature of the agent within each of the U-tubes.

(3) Test Procedure

Using a drybox at the critical steps, .clean U-tubes were.
tared and filled with the test agent, then reweighed and assembled into the
apparatus as indicated in Figure 26. A volume of 40 cc. of agent was
charged to each tube. The bath le-.:-. was raised to completely cover the
U-tubes, and leak tests were conduae"d. When the U-tubes were in thermal
equilibrium at the desired bath temperature, the flow of. gases was begun.

In all of the runs, a standard mixture comprising 51%
CO2 and 49% nitrogen was fed to the test apparatus at a combined flow rate
of 2.94 liters/minute. Passage through the packed ceramic beads contained
in the preheater served to insure good mixing as well as to preheat the
gases (370C. preheater exit temperature). Sparging of the gases into water
maintained at constant temperature in the humidifier resulted in a controlled
humidification. At a humidifier liquid temperature of 34C., the gases
entering the absorption train were found to contain 49,000 ppm water, or
0.04 grams water per liter of dry gas, and this was the standard level of
humidification.

V For runs made at the relatively low bath temperature of
I0*C., water was used as the bath medium, but for the higher-temperature
r~ g ycerine was used.
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During each run the flow of gases was turned off
periodically, the stopcocks on the U-tubes closed, and the tubes removed
and weighed on a four-place Mettler balance. Care was taken before
weighing to remove all traces of bath liquid from the exterior surfaces
of the tubes. All increases in weight were attributed to absorption of
water. As an additional precaution to guard against error, a glss wool
plug was inserted on the exit side of each U-tube to keep the drying
agent from being removed by entrainment in the gas stream.

The temperature of the agent in each U-tube was
monitored during a run to obtain an indication of where absorption was
taking place.

The static pressure of the gases entering the absorption
train was kept constant by venting some of the exit gases. During most of
the runs, a pressure of 5 psig was maintained. In some runs it was necessary
to insert an air coil in the line leading to the hygrometer in order to cool
the gases to the recommended measurement temperature.

c. Results

The five drying agents listed previously were tested in the
apparatus described above, and the results obtained were as follows.

(1) Calcium Sulfate (CaSO4,)

One set of experimnts was conducted using a U-tube
bath temperature of 40*C. Figure 27 shows how the absorption in each of
the U-tubes varied with total flow of gas. Note also that the exit water
content (efficiency of complete train) is indicated in the figure. The
amount of absorption in successive tubes decreased as the gases became
drier in the process of moving through the absorption train. After passage
of 400 liters of gas, the water uptake in the first tube approached 12.5%,
somewhat above the capacity reported in Table LX. Figures 28, 29 and
30 each show a line representing the absorption of water by calcium sulfate
at 40C. The data for Figure 28 are for the first tube only, hence repre-
sent a space velocity (SV of 5,700 hr.-l. Figure 29 covers the first 2
tubes, equivalent to 2,900 hr.-l SV, and Figure 30 represents 3 tubes and
1,900 hr. " SV. One aspect from which the data can be viewed is the
relationship between capacity and efficiency. As stated previously, CaSO4
has high efficiency up to an absorption of 6.6% corresponding to formation
of the hemihydrate, CaSO4 . H20. Therefore, about half of the water held
in Tube No. 1, Figure 27 is held loosely as capillary water. Figure 27
also shows a large rise in exit water level occurring somewhere between
300 and 360 liters. Reference to Figure 30 indicates this corresponds to
an absorption of 7% in the complete train, very close to the hemihydrate
point.

lgas flow rate (liters/hour) I bulk volume of agent (liters).
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12 3 TUBES IN SERIES

SY EACH TUBE: 5700 hr 1
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FIGURE 27. DRYING PERFORMANCE OF CALCIUM SULFATE AT 40*C
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When the performance of CaSO4 was tested at 100"C. and
a SV of 1,900 hr.-1 , the hygrometer's upper limit was exceeded, and efficiency
data were obtained by water balance using the known volume and water content
of the entering gas and the gain in weight of the U-tubes. Up to an average
absorption of 1.2% on the agent, efficiency was 9,500 ppm. Between 1.2%
and 2.9 absorption, efficiency declined to 31,000 ppm, indicating removal
of only 36% of the moisture. Later in the same experiment, hygrcmeter
readings were obtained at 80"C. and 70"C., showing efficiencies of 910 and
650 ppm, respectively. The last mentioned value w obtained while total
absorption on the agent in the system approached 5% by weight.

To further assess the performance of CaSO4 at elevated
temperatures, a run was made in which space velocity was reduced. The
absorption bath was held at 950C., and the changes in individual U-tube
weights were determined over several flow periods. Nitrogen alone was used
as the dry gas. To provide a water balance under conditions where the exit
water content might be off-scale for the hygrometer, two dry 1-.e/acetone
traps and a Drierite trap at 22"C. were connected in series arrangement to
the absorption train exit line. All traps were weighed when the U-tubes
were weighed. The data permitted a determination of efficiency in relation-
ship to the amount of water picked up by the agent. Results are summarized
as follows:

Dry Nitrogen Accumulated
Space Velocitym Water on Agent Efficiency

r.-l % Vol.

25 0 -0.4 O.O86

400 0.6-1.5 0.40

400 1.5-2.2 0.64

600 0.8-2.0 0.67

600 2.0-3.0 0.8o

1200 1.5-3.7 0.97

• 1200 3.7-5.5 1.78
I

" flov rate Z bed volume - space velocity

It can be seen that a significant loss in efficiency took place at an average
cumulative water absorption of only about I$. Even at a space velocity of
25 hr'l, the 95"C. efficiency up to 0.4% water accumulation averaged 860 pp.,
well above the target level for ballast gas entering the aircraft fuel tanks.
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(2) Calcium Chloride (CaCl 2 )

Calcium chloride was tested at a tempe-'. re of 100"C.,
where few agents can function with any sibstantial degre ifficiency.

The data obtained for all 3 tubes are sho in Figure 1. '' ,pendix D) and

lines for CaCI 2 are plotted in Figures 28, 29 and 30.

Even at low absorption levels, the efficiency data in
Figure 1-D represent removal of only about two-thirds of the water passing
through the train. From the standpoint of capacity, the ability of CaCle
to function as a drying agent at this tempez ature level was demcnstrated.
The curves in Figures 1-D and 28 provide evidence that this agent continued
to absorb water from a flowing stream of vet gas beyond the point where
CaSO4 ceased, despite the temperature penalty of 600C. The literat,-Xe(16 )

indicates that the capacity of solid CaC1 2 may reach 30% at temperatures above 100C.

(3) Boric Anhydride (B2 03 )

The performance test with boric anhydride was conducted
at 10*C. Data are plotted in Figure 2-D where it is seen that absorption
in the first tube followed a pattern very similar to that of the first tube
of CaCl 2 . The indicated delay in absorption in the second and third tubes
was much greater than in the test with CaCl2. In view of the similarity
In efficiency and capacity of these two agents at 250C. (see Table IX),
this difference in performance was unexpected. It may be due to a difference
in their vapor pressure vs. temperature relationships. A comparison of the
efficiency data in Figs.-T-D and 2-D indicates that B20s was somewhat less
efficient than CaCd2 . Little informatin was found in the literature concerning
B203 performance at elevated texperatures. Further experimentation with B205
appears to be needed.

Q)Lithium Cbloride

Lithium chloride is dehydrated at 980C. and 1 atmosphere.
For this reason., it was tested at 800C. At this temperature it was found
to be more efficient than either Cad 2 or B2% at 2000C., but less efficient
than CaS0 4 at WOc. Figures 28 to 30 show that it absorbed more water per
liter of gas than either CaC22 or B2%,, and Figure 3-D slums that the second
and third U-tubes began absorbing water early in the test.

(5) Potassium Hydroxide (MH)

An absorption test with SOH was unsuccessful because of
plug formation in the U-tubes. The plugs evidently resulted from melting
and freezing of concentrated solutions of IOB, formed at the surfaces of
the pellets. No attempt was made to solve this problem in view of the
likelihood that MR will absorb C02 as vell as 320, thus reducing the volume
of dry ballast gas and losing some of its capacity to absorb water.
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d. Discussion of Results

The data obtained in the tests described above can be
analyzed to examine trends and relationships affecting the rate of
absorption. This is conveniently done by evaluating A%/AV'a a function
of V where:

- 100 x weight absorbed f. weight of agent

A V -an incremental flow of gas

V - cumulative total flow of gas.

This evnIuation can be made for the complete absorption train or for an
individual U-tube. Data sho74ng chan in the value of A %/A V durina
the test made on calcium chlcride at 100C. are plotted in Figure 4-D, with
a separate curve being shown for each U-tube in the train. A similar set
of curves is shon in Figure 31, where each curve represents the complete
train data for one of the agents tested.

It can be seen from Figure 4-D that he rate of absorption in
each successive U-tube peaks at a lower value of A%/A volume, reflecting
the lovwerine 0! the driving force (partial pressure of water) as the gmses
progress from me tube to the next. Only the first tube receives a constant
feed compoition. and the curve for this tube is seen to decline as the
capacity of the npnt becones used up. Calcium chloride has a large capacity,
however, and a fairly steady rate of absorption was in evidence in Tube No. 1
at the conclusion of the test.

Referring to Figure 311, the curve for B2%3 (the other agent
tested At 100"C.) is almost entirely a description of what happened in the
first tube" The rate of absorption appeare& to be stabilized at the l,200)-

* liter mark, with less than 20% contribution from Tube No. 2, and zero from
Tube No. 3. The curve for lithium chloride (at 80C.) represents less than

"25% contribution from Tubes 2 and 3 at the 400-1iter mark, and even lers
percenta ewise In the earlier stages of the test, where a high peak rate
was aclhieved. The curve for CaS04 shows the high rate that would be obtainable
if the drying agent could be maintained at 400C. The drop in efficiency of
this agent at the 300+ liter mark caused cessation of the test Just prior to
the point where the rate would be cxpected to decline to an extremely low
level.

An examination of literature data (17 ) covering elevated temper-
ature flow tests over CaS 4 &ad several interesting values, a follows:

Tem. Space Velocity Accumulated Water Efficiency
9Cr. ,, - ion, %, , Vol.

60 65 1.8 0.08
65 390 1.0 O.0O
65 780 1.0 0.050
65 390 2.0 0.014
65 780 2.0 0.0o30
70 90 1.5 0.31

100 75 1.0 1.25
100 75 0.5 0.032
210 75 0.6 0.043

U ..... . .
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The 65"C. test results show that efficiency suffers significantly when awerace
accumulation increases in the range of 1-2%, a"d the results at 100*C. indicate
a similar effect.

The following perfomance design parameters for CaSO4 at 1
atmos3pere pressure and slightly above are assigned based on the experitntal
ard literature data.

Capacity Efficiency

Tenperature SV, hr "1  lbrO0l b  Vol.

1oo* (38"c 190 5.0 0.002

l5OF (65C) 400 1.0 0.010

2007F (950c) 21-O0 0.5-1.0 0.100

Phosphorus pentoxide, P20, has an excellent efficiencyp but its volatility
could introduce a problem at the elevated temperatures expected in some
flight situations. Therefore, Ca804 in selected as one high-efficiency agent
for this study*

formation rectived(le) concerning the performance of oe of
the zeolites (a crystalline adsorbent) indicates the following perfornce
characteristics at 00*F:

Conditions: L/D

linear vel. < 100 ft/Min

grain size 1116" dia.'(extradates)

Performance: efficiency <10 ppm

capacity 3 lbs/l0 lbs
The some source indicates that a 10 ppm efficiency at one-half the above
capacity is attainable at 150'F, thus making zeolite an alternate choice
for the high-efficiency agent.

a

Calcium chloride has the best overall performance features for
the high-capacity agent in the present application, among those tested. Its
large capacity, good absorption rate and ability to remove water over a wide
temperature range present a balance of desirable properties, leaving only its
limited drying efficiency as a serious drawback. The experimental data for
C44 indicate an efficiency of 1.7% vol. (170000 ppm) at a temperature of
100OC and a SY of 1900 hr-1. (Pressure wqs~poimately 14 psig.) This Is
within about 3% of the equilibrium value.T I  ) It is concluded that for purposes
of conceptual design CmC2 can be employed at this SV to provide water concen-
trations within 5% of the equilibrium values, up to a limiting capacity that
varies with temperature. Figure 5-D indicates that the limiting capacity is
in the vicinity of 30.
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Additional performance tests should be made to more thoroughly
characterize the performance of the more promising age ts. Of
great interest would be the effects of variations in system pressure n the

* range of 2-50 psia on the important performance characteristics. Given a
better insight into the actual bed tepperatures and other conditions to be

* encountered in practice, extended isothermal tests over the full range of
operating variables should be made. The results Ob-ained should be used
to Bt up an experimental, two-stag breadboard unit, including provisions
for cooling of the beds.

5. MZ"bZi OF FUEL CMO=d)

It was originally planned to investigate the effects of fuel
vapors on the performance of candidate drying agents. Due to delays
encountered in the assembly and checkout of the test apparatusp these
tests were not made.

6. 'RAuCTIN WI CALCIUM CARB

The reaction of water with calcium carbide to produce acetylene
is well known. In the presence of carbon dioxide, a two-step reaction is
visualized:

C*C2 + 120 f caO + C2N 2  ()

"0O + CQ2  CaCV3 (2)

Mwu, me male of Co2 Is lost for each sole of B20. The first reaction
causes evolution of 2,500 BW per pound of water, and the second one produces
". M,.T per pound; therefore, total beat evolution equals 6,900 M/lb.

The quantity of calcium carbide required for the reaction, at the
Stoichianstric ratio, equals 3.55 lbs./Ib. water converted. A larr amxant
of carbide zmust be estimated to allow for the surface deposit of CaCO3,
which wdald block access of the gas to unreacted carbide and, in a flow
syste, to allow for adequate contact time. An additional consideration
In the need for distributing the reaction over sufficient vcl=e to allow,
transfer of the reaction heat to cooling coils.

If a calcium carbide reactor is used, the loss of ballaft gas
volm due to absorption of COa is readily calculated. For examp, -
rUMva Of 0.1$ (1,000 p]P") water would be acccazplihed by loss of a
sldall volume of CON, which can be neglected even if it is assumed that
all of the acetylene dissolves in the fuel.
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SECTION V

CONCEPTUAL DES IG3~

1. GENERAL

The performance targets set forth in the contract are stated in
Section I (Atroduction). The folloving discussion presents a general
description and analysis of the conceptual inerting subsystem that satisfies
these targets, and at the same time interacts satisfactorily with the demands
and services of the main system (aircraft). Detailed discussions of the
design and function of the principal components are presented. Finally, the
conceptual design criteria are applied to specific flight missions in order
that the performance benefits can be related to penalties In weight and
volume.

2. PRELDCNUY ANALYSIS

a. General Description

A simplified flow diagrn of the inerting subsystem is presented in
Figure 32, vbich indicates the =&in components. These are described very
briefly as follovs:

(1) Fuel Tank

This represents all the tanks on the aircraft, which are inter-
connected. This is the delivery point for the ballast gas generated in the
inerting subsystem.

(2) Fuel Vaporizer and Fuel/Air Mixer

A small fraction of the aircraft fuel is drawn off, at a con-
trolled rate, to an atomization and vaporization unit. The diagram Indicates
admixture vith combustion air In the same unit, although various mixing
schemes are possible.

(3) Air Preheater

Air for combustion in the nerting subsystem is drawn from the
* engine compressors, and is given the necessary amount of additional heat in
. ithis unit.

( Combustor

The catelyzed combustion process takes place In this unit.
Combustion heat must be removed in order to prevent overheating of the
catalyst, but combustion temperatures are far below those existing in
nou-oatalytic combustors.

()cooler

Heat is removed from the combustion products in order to
facilitate separation of the water of combustion.
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(6) Drier

Cooled combustion gases are passed through this unit, containing
a drying agent, which removes water from the gases before they are admitted
to the fuel tank.

(7) Controls

The controls regulate flows of fuel, air and coolants in order
to maintain a sufficient flow of dry ballast gas, and to maintain the
proper operating conditions.

The seven components mentioned above can be grouped conven-
iently into three major elements: Combustor, Drier and Controls. Reference
will be made to these in the discussion which follows.

b. Feed Streams

(1) Air

Air can be drawn from the engine compressors, or from the engine
exhaust stream. The latter would be hotter but would exist at a lower pres-
sure. The higher pressure source is preferred because more energy is pro-
vided to drive the gases through the subsystem to the fuel tanks. Demand
varies as a function of both fuel consumption rate and ambient pressure change.
The latter i important because most aircraft fuel tanks are designed to
maintain a maximum positive differential pressure of only 2-4 psi relative
to ambient, and even less on the negative side.

The concept of scooped air is rejected because of interference
with the aerodInamic performance of the aircraft, and because such air
would be available at lower pressures than compressor air.

The rate of flow of air into the system is governed by the
demand of the fuel tank(s) for ballast gas, transmitted via the controls.

(2) Fuel

The aircraft fuel Is used as the fuel for the inertiag subsystem.
Its temperature varies during the flight mission, increasing towards the end

* of a supersonic flight, the exact amount of increase depending on whether or
not the tank is insulated, and whether or not the fuel is circulated to cool
soe other subsystem on the aircraft. Fuel pressure in the transfer line
normally runs in the vincinity of 25 psi above ambient. Flow of fuel is
governed in relationship to flow of air to maintain the desired fuel/air ratio.

c. Cboustor

(1) Preheating of Air

The heat requirements vary according to the air flow rate and
initial temperature, also the temperature required for fuel vaporization and
for the combustion process itself. A number of air heating methods are
possible, including combinations:
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(a) use as coolant in catalyst bed

(b) use as coolant for gases that have exited from
the combustor

(c) separate preheater utilizing engine exhaust, electric
pover, or indirect exchange (coil) with engine
combustion chamber. Only by means of a separate
preheater can one provide hot air for startup of the
system.

(2) Preheating of Fuel

Preheating of the fuel contributes to improved atomization and
vaporization performance, and to the efficiency of the combustion reaction.
The hot combustion gases leaving the catalyst bed can be used as a source
of heat. Piping of fuel through coils embedded in the catalyst is rejected
because of the likelihood of excessive wall temperatures and fouling of the
surfaces. During startup, a separate preheater is required. A line heater
using electrical resistance elements is the most likely choice.

(3) Fuel Atomization and Vaporization

There are several methods that seem worthy of consiCeration.

(a) Carburetor

Provided it would function under all flight attitudes
and over the required range of air flow rates, this
is an attractive method of atomization because it
wcupies little space and functions very simply.

(b) Mechanical Atomizer

A rotary mechanical atomizer can be used to cover a
wide range of fuel flow rates, but involves equipment
with high-speed moving parts. Alternatively, a two-
fluid nozzle can be used, wherein air at moderately
high pressure is required.

(c) Injection

Depends on availability of a booster pump. Fuel at
high pressure can be injected through a nozzle into a
turbulent flow of hot air, and sufficient contact
provided for the vaporization process to be completed.

Of the various alternatives, the two-fluid nozzle is chosen

based cc simplicity of design and operation.
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() Catalytic Reactor

(a) Preheat

The reactor must be capable of reaching operating
temperature quickly. Among the possible methods of warmup are use of
a stream of hot engine exhaust, use of a smal pilot reactor that can be
ignited cold and run long enough to heat the main reactor, and use of
electrical resistance heaters. The latter method is selected for con-
ceptual design.

(b) Flo Rate

Flow of ballast gas varies widely during a mission.
This variation can affect:

(i) degree of conversion

(ii) pressure drop and pressure

(tli) temperature profile

(iv) possible shortage of heat if conversion lag.

These effects are anticipated in the conceptual design.
Such techniques as the use of recycle streams and staged or parallel reactors
have advantages for this type of situation.

(c) Pressue

A high pressure in the reactor favors the reaction rate
constant, and a low pressure drop provides margin for Ldditional losses
before the ballast gas enters the fuel tank. The pressure drop across the
reactor is a function of catalyst grain size, which also affects conversion.
Thus, choice of grain size is a trade-off situation in the ultimate design.

(d) Temperature Control

Excessive temperature damages the catalyst via thermal
I deactivation, and too low a temperature causes low conversion of oxygen.

The heat of reaction is very large, and steep temperature gradient& build
up within the bed unless the spicing between cooling surfaces is minimal.
Tubing coils, possibly finned, can be used within the bed. The coolant
fluid within the coils might be air, water or fuel. Of these, fuel has the
disadvantage of potentially fouling the tube wall. Water has the disadvantage
of being not required except for cooling, and thus represents another item
to be carried on the aircraft, but its vaporization requires so much heat that
it merits strong consideration.
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(e) Conversion 'avel

This is a function of:

catalyst type and amount

catalyst activity level (age, coke)

temperature

pressue

flow rate

fuel-air ratio

(f) Servicing

A hydrocarbon conversion catalyst must be regenerated
periodically in order to remove the coke which is deposited when operating
under stoichiomtric or fuel-rich conditions. The catalyst reactor is
designed for quick removal and replacement by a serviced unit., but it is
also feasible to carry out regenerations using a ground-service truck with
appropriate connections to the aircraft.

(g) Design Concepts

There are several approaches to the design of this
reactor. These are as follows:

(i) One Reactor With Recycle

A portion of the exit ga is recycled (requires
a booster) in order to provide a constant space
velocity thragbout the flight.

(ii) Two Reactors

Two reactors are connected in parallel so that, by
valving and switching, the flow can be routed to
one or the other, or both, depending on the demand
for ballast gas.

(iii) Variable Volume Reactor

This concept calls for a single reactor designed to
open up a variable number of sections to the flow of
gases, depending on ballast gas demand. Various
iechaniams can be visualized for activating the sections
on demand.,



(iv) Single Reactor Without Recycle

This is the simplest arrangement. The flow of
gas through the bed of catalyst varies in pro-
portion to ballast gas demand, causing variations
in the quantity of combustion heat released.
Reflecting these changes will be variations in
temperature profile and flow of coolant.

Primarily because of its simplicity, the last meutioned scheme is selected

for the present study.

d. Drier

(i) Cooler

Wet gases leave the combustion zone at a temperature in the
order of 700-750C., and may or may not be cooled below this level by
exchange .Ithin the combustion unit itself. Regardless, additional coolir
is needed to bring the temperature low enough for water removal. Several
media can be considered:

* fuel enroute to the engines

* combustion air enroate to the combustor

9 fuel enroute to the combustor.

Because of the high wal temperatures encountered, fouling of the surfaces
ast be a consideration, and air has an advantage over fuel.

The cooler reduces the gas temperature enough for satisfactory
drier performance. (If water is codensed, provision mast be made to
separate and remove it.) Control of temperature is achieved via a therm-
comple in the exit gas stream, which is linked to a coolant flow control
valve. Design of the cooler is affected by choice of coolant, temperature
and pressure of coolant, and allowable pressure drop in ballast gas.

(2) Water Absorber
I

" A portion of the water is removable by condensation from the
wet ballast gas, depending on the availability of a satisfactory coolant.
Condensation has the advantage of saving on heat duty for heat of reaction
between water and drying agent, and also saves on the weight of agent required.
Balanced against this is the weight of the condenser and associated equipment.
Ballast gas containing non-condensed water is directed to a vessel packed with
a solid, granular drying agent(s). Design and performance of this drier is a
function of the absorbing agent's properties:

grain size

efficiency

capacity

regenerability

chemical compatibility
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Two agents arranged in series are used, the first with high capacity and
the second with high efficiency.

The quantity of agent(s) in the drier is a function of the
maximum permissible exit water content, the drier temperature, absorbent
characteristics (above), and the ficr rate and pressure of ballast gas
during the peak demand period. It is also governed independently by the
total amount of water to be absorbed during a mission, or from one regen-
eration to the next. Design is influenced by the allowable pressure drop
and by possible undesirable effects of unreacted fuel vapors. It is necessary
to design the drier for ease of regeneration in place, or ease of removal.

The supply of coolant to the drier removes the heat of conden-
sation, heat of reaction, and adjusts the sensible heat of the ballast gas
to the permissible level for entry into the fuel tank. The general unavail-
ability of low-temperature coolants on high-speed aircraft, and the importance
of temperature with respect to the efficiency of drying (see Section IV),
indicate need for a snpply of cooling water. Water flowing through coils
in the drier makes it possible to keep the temperature at 200F. or below.

Controls directly associated with the drier include:

* check valve on outlet line to prevent flow
from fuel tank into drier

* temperature sensor linked to coolant flow
control valve.

Indicating instruments for monitoring include a hygrometer for final moisture
content, and a gage shoving pressure drop across the drier.

e. Controls

(1) Principles

(a) quick response to changing demand

(o) constant fuel/air ratio, within allowable limits

(c) limited change in conversion due to variations in
flow through the ccmbustor catalyst bed

(d) protection against overheating of catalyst and ccmbustur

(e) eiergency provisions, allowing for instrument malfunction

(f) minimum water content in ballast gas

(g) supremacy of mission and aircraft over the inerting
subsystem
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(2) Approaches

(a) Sensors

All sensors must be sensitive, reliable, and capable of
respoding at all accelerativas altitudes and attitudes over the necessary
range.

(i) Demand relating to changing ambient pressure is
sensed by means of pressure transducers, cce in
the fuel tank and one located to meare ambient
static pressure.

(ii) Demand relating to fuel consumption is sensed
by a flow sensor or sensors.

(iiI) DemAnd relating to oA7gn content of ballast gns is
sensed by a sensor located in the exit line of the
drier.

(iv) Demand for coolant flow to the cooler and drier
have already been mentioned. Dwand for coolant
flow to the coubustor is to be sen3ed by therno-
couples placed at strategic internal locations.
In all cases whor coolant flows are Involved#
coolant inlet and outlet temperatures will be
measured, and control of coolant flow may be subject
to control to prevent coolant temperatures from
exceeding stipulated limits. In sc cases, flow
of coolant may be regulated to provide a ainim

SLu ballast gas texperature.

(b) Control Elements

In general, signals from the various sensors are received,
amplified as necessary, and used to actuate control mechanims on valves.
Mere are several possible schmes:

(i) Direct

AUl controls are actuated directly and Independently.

(11) Indirect

One item, such as the air control valve, is actuated,
and the setting of this vnlve and flow rate is the basis for adjusting the
sett!ng of the fuel flow con.rol valve and (if used) the controls that

Smaintain ecustant space velocity.
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(c) Special Considerations

()Air Flow

There is a wide range of adjustment to be made in
ballast gas flow, reflecting the difference between cruise during level
flight and a pcered dive. Two air control valves may be necessary, one
for low demand and one for high demand. (If two air supply lines are
indicated, two preheaters and air-fuel mixing chambers may be required.)

(ii) Fuel Flow

Fuel my be taken from the transfer line to the
engines, in which case a flow control valve in the diversion line is
adequate. If a separate fuel pump and line are used, control may involve
either:

* flow control valve on exit line from centrigual
pup, or

* regulation of speed and/or stroke of a fixed dis-
placement pump.

(iii) Fuel Tanks

It is essential that the tanks be prevented from
failure by either bursting or collapsing. Therefore, when the difference
between tank pressure and ambient static pressure exceeds a certain level
(tank on the negative side), and the supply of ballast gas fails to prevent
a further increase in this difference, a breather valve of adequate capacity
opens with sufficient speed to prevent tank wall failure. This sam valve
closes again as soon as the pressure difference returns to a safe level,
and does not reopen unless the indication of inadequate flow from the inerting
subsystem is repeated.

On ascents, some flushing of the tanks to remove
oxygen originally present is desirable. Therefore, the inerting subsystem
is set to deliver ballast gas at a certain minimum level at afl. times, and
the tank vent valve bleeds off sufficient air to maintain tank pressure at
a safe level above ambient.

3. CGUSTOR

a. Design Choice
(1) Radial Reactor

Of the various alternatives, a single reactor of the radial
design offers the advantages of a low pressure drop, a flow front that increases

with increasing radiub, and a configuration that simplifies construction
problems. The gas stream, moving radially outward from a cylindrical core,
contacts the catalyst, absorbs the heat of reaction, then transfers the heat
to fianed coils which run parallel to the long axis of the reactor and are
embedded in the catalyst. These coils contain vater which vaporizes in the
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cooling process. The mixture of preheated fuel vapor and air is distrlbuted
uniforaly along the central core, and passes through wall perforations into
an anmular ch&ber where it is mixed with the rczinder of the preheated
combustion air. This mixture then passes through wall perforations to enter
the bed of catalyst. A grid of resistance heating elements is located at
the entrance to the catalyst bed for use during startup operations. Cases
that have passed through the catalyst bed leave through a perforated cylin-
drical tube wall and enter a chamh-r where they encounter a finned coil
containing combustion fuel requiring preheat. The gases then enter a heat
exchanser (HE 1), which may or may not be integral with the catalytic reactor,
where combustion air is preheated. The combustor is depicted in Figures 33 and 34.
The radial reactor is selected for the SST design calculation*.

(2) Segmented Reactor

This type of reactor is described in Figure 35. Its distinguishing
characteristic is the alternate placement of layers of catalyst and banks of
finned cooling coils. Provision against possible preignition is made by addition
of the combustion air in increments. This configuration lends itself more
readily than does the radial design to the use of naked cooling coils, and thus
to the elimination of inert diluent in the catalyst bed. (As developed in
Section V-6 for SST Flight Plan No. l, in excess of 100 pounds of diluent were
required to submerge the cooling coils.) The sepented reactor presents the
possibility of more efficient heat transfer because of the radiation effect,
but this potential advantage has not been estimated as a part of he present stu4.
The segmented reactor design is chosen for the tactical aircraft, and details are
given in Section V-7.

(3) Air and Fuel Preheat

Both are preheated by exchange with hot combu.stion gases. Details
are. presented in Sections V-6 and V-7.

(4) Fuel Vaporization and Mixing

A two-fluid nozzle is used for at~aization of the fuel. The
atctizing fluid is preheated air equal to 2% of the combustion air, and yields
a mixture containing 80% fuel. he conical spray from the nozzle enters a
diverging section where vaporiation is completed, then the mixture is converged
and delivered through a connecting pipe to the combustor. The wals of the
chamber are heated by resistance heaters. Details are given in Section V-6.
Selection of this design was based largely on mechanical simplicity.

b. Operation

The above equipment is operated at conditions imposed by the aircraft,
the flight mission, and the catalyst. After startup (see above), the catalyst
bed temperature is regulated by control of cooling water flow rate in the
coils. Design calculations are based on the use of 1/16" x 1/8" Code A catalyst
maintained at 1337*F. (725C). After startup, the temperature of fuel preheat
is regulated by reducing the power to the resistance heaters at the vaporization
chamber, and under peak fuel demand conditions it is expected that the pmer
in.,ut to these heaters will be minimal. Similarly, the air preheat temperature
vill-be controlled by regulating the power input to the heating elements located
in the annular compartment of the ecmbustor inlet line, with a major reduction in
power .taking place after the startup period.
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Because of the benefit to reaction rate of an excess of fuel in
the mixture, a 10% excess was chosen. Operation for periods of at least 60
hours without regeneration in anticipated, even if larger excesses of fuel
are employed.

c. Amount of Catalyst

Based on experimental results with JP-7, Code A catalyst is used at a
temperature of 725*C (1337F). Despite the excess of fuel, the conservative
assumption is made that the reaction rate constant found for the stoichio-
metric mixture applies:

k - 194,,ooo 3 (reacta mixtr)
ft3 (catalyst) x hr.

The volume of catalyst to use (for first order reaction) iz givenby(20),

vc- f xA l + E^Il-XA
k eAo o 1 - x^.

which upon Integration yields

k CAD
-c FAQ 1 3)l 1 EAU]4 (A)

0

and the weight of the catalyst is obtained by

The meaning of the sybols used in:

k - reaction rate constant, ft 3 (fluid)/ft 3 (catalyst).hr.

" - volume of catalyst, ft 3

PAO - feed rate of Component A, lb-moles A/hr.

Component A = oxygen

CAO - Initial concentration of Component A, lb-moles A/ft 3 mixture

XA  - conversion of Component A, moles A reacted/moles A

Ve a weight of catalyst, lb.

a specific weight of catalyst, lb./ft 3

NA fractional change in volume due to reaction
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(1) Determination of EA

No. of moles leaving No. of moles entering
No. of moles entering

(and the number of moles leaving is a function of conversion)

For stoichiometric reaction and 100% conversion of oxygen: :

1.5 C92 + 21 02 + 79 N2 -* 79 N2 + 13.5 C02 + 15 H204

(7 + 13.5 + 15) -(1.5 + 21 + 7) 107.5 - 101.5 0091
EA(15 +21 +79) 101.50053

For 10% excess fuel and 100% conversionn

A 0 7.65,,01.65 = 0.o5903,. 101.65

Values of EA for a few selected conditions are susmarized,
together with the evaluation of the integral in (A) for the sam, in
Table X.

For calculation of the catalyst volume we have chosen to express
the flow rates at the conditions adopted as standard in a= experimental
program, which were:

t = 72.5'?. anA P 14.7 psi&

as a Convenience in the calculations. However, the design of individual
c ponents in the subsystem (including the combustor) is based on the actual
conditions existing in the component-.

Where V2 is the volume at experimental conditions,

V66 1 .71

SVP 1  x o.0549

The volume of 1 mole of gas at the experimental conditions
is:

x 359 32 5 a388.5 ft3/lb.-mole.

t Using JP-7. Assumed equivalent composition = C9 2 0, and molecular
weigt = 128.
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The calculations for determination of amount of catalyst to

use are as follows:

(a) Determine the dry ballast gas demand at 200OF - B.G.

(b) Ballast gas requirements are converted into air demand
at the same conditions, assuming the stoichiometric
reaction and removal of all water:

Vl 1.08L. x B.G. cfri

(a) Determine the pressure - P in the fuel tank, at
design conditions. 1

(d) The actual conditions, as listed above, are now converted
to the experimental conditions, and the equivalent flow
rate - V2 (at experimental conditions) is obtained:

- o.0549 V1Pl cfa

(a) Molar flow rate of air - NAir in number of uiles of
air per minute in calculated by dividing the equivalent
flow rate by the molar volume of air at experimental
conditions (388.5 ft3/Ib-mole)

Nr - V2 /388.5 lb.-moles air/mi.

(f) Molar flow rate of oxygen, 1O2, is 21$ of the molar flow
rate of air.

N2-0.21 N, lb.-molesmin.

(g) Oxygen feed rate, FAO, per hour is obtained by multiplying
above by 60

PAO - 60 N2 Ib.-moles/br.

(h) Molar flow rate of fuel, Np, is determined by multiplying
the molar flow rate of air by O.0165R(because for each
100 moles of air we require 1.65 moles of fuel, including
10% excess).

N

Np-0.0165 WAir lb.-moles/min.

(1) To obtain the weight flow rate of fuel, 1, the molar
flow rate of fuel is multiplied b its mcecuala weight
(128 l.b,/lb.-mole)

WP 1 28%~~l.mn

*For JP-7.
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(3) The specific volume of fuel vapor at the experimental
conditions iS found from(21):

for: t 72.50?.

P " li.7-psia

d O.7990g/ml at 60/60-Y

v. , - 2.55xft3/lb. fuel

(k) The flow rate of fuel var becomes

Vy - 2.55*%Ip cfm

(1) Total volumetric flow rate of gases is the sum of
air and fuel vapor flow rates

'V -T + Vet

() Initial oxygen ccncentration, CA0I in the air-fuel
mixture is calculated by

CAO - NoV -moles o0/, 3 mixture

() The integral in Equation (A) i evaluated at the
desired conversion level.

(o) The feed rates of oxygen (PAO) are specified.

(p) The specific weight of catalyst is chosen (140.5 lb/cu. ft.
for Code A catalyst).

(q) The eigbts and volumes of catalyst corresponding to
specific conversion levels and feed rates of oxygen
are calculated.

(r) The space velocity at any of the situations can be calculated:

ST - OVT hr-1

VC

d. Size of Fquipment

Rather than present a generalized method of sizing the preheaters,
vaporization and mixing chamber, and catalytic reactor, the method will be
4listrated below in Sections V-6 and V-7 where application in made to
specific cases.

AFor JP-7.
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e. Safety

One potential safety problem that requires close attention is thatof ignition and combustion at any point previous to the catalyst bed. Basedon liter&Wure information(22), the upper limit of fla-mability of mixturesof this fuel 4ith air at the expected temperature of 600"C. is 8.4% (volume)of fuel. In the radial reactor, premature combustion is avoided by admixinginitially only that amount of air required for good atomization. Not untilthis fuel-rich mixture (80% fuel)m passes beyond the perforations in the wallof the central core is the rest of the combustion air admixed. In thesegmented reactor, the additional air is added in increments, as indicatedin Figure 35. (One or more flame arrestors might be necessary, but are not
shown in the figure.)

f. Logistics and Servicing

In concept, the catalytic reactor portion of the combustor requiresperiodic attention for regeneration of the catalyst, which does not requireits removal from the reactor, and for eventual replacement with a fresh
charge.

Regeneration requires heating the catalyst to a temperature at whichthe coke will burn off in the presence of a gas mixture containing approx-imately 4% oxygen. The required temperature is in the vicinity of 4000C.It is unlikely that the ignition grid will enable the reaction to be sustainedthroughout the bed; therefore, a source of hot gases containing 4% oxygenis required, or a hookup permitting circulation of a 4000C. heating fluidthrough the cooling coils must be provided. Technically, it is feasibleto set up for either of these methods while the reactor is in place and theaircraft on the ground, using a ground service truck. It is also feasible
to disconnect and remove the catalytic reactor from the aircraft and sub-stitute a unit containing regenerated or fresh catalyst. This would allowthe regeneration to be carried out on a schedule independent of the aircraftflight mission schedule. The gases issuing from the unit during regenerationare vented, except for a bleed sample used to determine completion of the
process (analysis for C02 and/or 02).

Replacement of the catalyst is estimated at intervals of from500 to 1,000 hours of service. This operation requires removal of thereactor unit from the aircraft, opening of a loading port, and removal ofthe used catalyst from the reactor. In the radial design, a simple dumping
removes nearly all of the catalyst, but some may remain lodgedbetween the fins of the cooling coils and requires special. attention such asuse of a blast of clean compressed air. Filling of the reactor with freshcaualyst is done carefully to achieve uniform packing. A vibrator machineis used for this purpose, and weight records are maintained as an indication
of the packing density.

3At this concentration, only "cool flame" combustion is a possibility.
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. AS DRIER

a. Design Choice

(1) Drier

Design is directed toward the closest practical approach to
equilibrium efficiency, and reflects the netessity of restricting the
pressure drop to approximately 25% of the Lotal difference between the air
supply and the fuel tanks. It has been stated(23) that a contact tine of
10 seconds (equivalent to a space velocity of 360 hr-) is in general
industrial use, and that superficial velocities used in practice ranile from
30 to 60 fpm where a close approach to equilibrium efficiency is sought.
The performance test data obtained in our program indicate that even at
equilibrium the water content of the ballast gas exceeds target conditions;
hence, small space velocities (large drier beds) may be required, and a radial
flow configuirtion is unlikely. A simple packed bed is chosen for this study.
Although its snape in cross-section can be varied to conform to the available
space, a re~ctangular cross-section is selected. The bed contains finned
cooling coils to receive the heats of condensation and absorption, and to
insure the lowest possible temperature in the downstream portion of the drier.
A descriptive diagram in given in Figure F-9p Appendix F.

(IL) Gas Coolers

The moist ballast gas leaving the ccmbustor must be cooled
berc:. -ntering the drier. The first significant cooling occurs in HE-l,
where heat is exchanged with the incoing combustion air. Exit temperature
from EE-1 is limited by the temperature of the inlet air, which varies
during the mission a"d is assumed to average 600*F. in a normal flight.

Nextp the moist ballast gas enters HE-2 where it gives up heat
to the aircraft fuel being pamped to the engines. Fuel temperature varies
during the mission, and fuel may be used for other cooling assigents. in
the Tactical Aircraft situation, the fuel is cool enouth to condense water
from the ballast gas and lower the temperature into the region where signi-
ficant drying can be done. In the ST situation, the average inlet fuel

* temperature is 3000F, and tbobrefore am additional exchanger (H 3) is added.
HE 3 uses a special supply of cooling water, which makes it possible to
condense a portion of the water in the ballast gas, and to lower the temper-
ature of the gases entering the drier into the region where water can be
absorbed. The inlet cooling water temperature varies from 40" to 80*F during
the flight, and an average temperature of 65OF is assumed.

(3) Cooling Water SL.ply

A tank and pump are required to hold and deliver cooling water
to the gas cooling units and to the gas drier itself. The tank is sized to
contain sufficient water for the entire mission, plus 10% contingency. It
operates at ambient pressure, and has electrical heaters to prevent freezeup.
The pump is of the centrifugal type, and discharges through flow control valves
to the drier and (for the SST) to exchanger HE 3.
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b. Operation

The above equipment operates at conditions that provide maxima
cooling, hence maximum removal of water from the ballast gas. When the
engines are at or near idle speed, ccmpressor air temperature is 2504F.,
and this provides a lower-than-design BG temperature entering HE-2. When
the fuel temperature is at its lowest level, a similar benefit is experi-
enced at the tnlet to HE-3 (SST) or the drier (tactical). Also, when cooling
water tenperature is below the design level, more water can be condensed in
HE 3 (SST) and absorbed in the drier. The flows of coolants to all of these
units are regulated to provide a specified chaMe in BG temperature and, to
further increase overall performance, cooling water flow is never reduced
below a selected level designed to provide coolant over the entire flight.

During startup of the subsystem, the first gases passing through
the combustor contain excessive free oxygen, and these can be vented to the
atmosphere until the catalyst bed temperature control (or other sensor)
indicates design conversion is achieved. The temperatures in the coolers
and drier will rise as the combustion gases flow through them, causing the
efficiency of drying to decrease frcm an intial high level to the design
level. Provision is made to drain all water condensed in these units.

c. Drying Agents

(1) Selection

As per Section IV, CaCl 2 is selected as the high-capacity
agent and, depending on temperature, CaS0 4 or a zeolite as the high-efficiency
agent. The amount of each agent in the bed is based on consideration of its
bulk density, efficiency and capacity, and the desire for design performance
efficiency over a maximum period between regenerations.

An alternate scheme for consideration utilizes a back-up unit
charged with calcium carbide, to insure reaching the target moisture level.

(2) Amounts

The following procedure provides a simplified approach to the
dual agent arrangement:

(a) Both agents are assumed to be present in the same bed,
with the gases passing first through the high-capacity
agent, second through the high-efficiency agent.

(b) The quantity of each agent is calculated independently,
using the design space velocity value and the volume
flow rate at the pressure and temperature conditions in
the drier.

(c) The design capacity of each agent at the conditions in the
drier ia used to determine the number of flights or flight-
hours of service between regenerations. This calculation
is made using the amouat of water removed in the drier as
determined under average conditions.
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(d) If the number of fli.h&,-hours for both wents
equals or exceds 50, no further calculations are
made. If the numbar is less thin 50 in either case,
the weigtt and volume of agent is increased prcpor-
tionately to provide the target 50 hours of service.

(e) If the number of fligbt-hours of service exceeds 50
in the case of the high-efficiency agent, but not
In the case of the high-capacity agents, the capacity
equivalent of the excess hours is credited to the
high-capacity agent in order to minimize the total
weight.

The bulk density data employed in the calculations are as follows:

CaSO4  75 lb/ft3

CaC 2  51 lb/ft 3

zeolite 38.5 ib/ft 3

d. Size of Equipment

The transverse area is chosen to provide a superficial velocity
in the reccomended range. Otherwise, conventional guidelines are followed.
Details for specific situations are given in Sections V-6 and V-7.

e. Safety

there are no noteworthy safety problems relating to the coolers
and gas drier. The agents have been selected to avoid problems fro
contact with an unreacted fuel that may be present.

f. Logistics

Deause of Its low cost, calcium chloride is cianonl used once
and discarded; however, logistics considerations may indicate the necessity
of a regeeration treatment. For this reason, the level of hydration should
be limited to a weight gain of 30 lbs/lO0 lbs of CaCI 2 (the momhydrate),
which would not liquefy under regeneratlon canditions. It in assumed that
regeneration involves the proce&Are used for CaSO4 $ which follovs.
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Regeneration of calcium sulfate is a common industrial practice.
The usual procedure(1 7 ) is to pass a stream of gas heated to 450*F through
the bed until the exit temperature reaches I40*F. Steam may be moved
tbrugh the coils in the bed to speed the process. Applitation of this
procedure to the inerting subsystem may involve removal of the drier from
the aircraft to a regenerating facility equipped with either an air heating
or a 250 psig steam service; or it may involve connections from the aircraft
to a ground vehicle equipped with one of these services. In either case,
removal of the agents from the drier is deferred until such time as a rise
in pressure drop or other indication of performance decline shows it to be
necessay*.

Regeneration of the zeolite is similar to the above procedure,
except that the hot gas is heated to a temperature of a proximately 550"F1(8),
and the exit gas temperature on completion is about 500 F.

If a calcium carbide reactor is included as part of the drier, the
carbide reactor is designed for easy recharging of this one-shot agent.
A cartridge unit is contemplated. A new or recharged unit is inserted at
the time when a spent unit is removed from the aircraft. Care is taken in
the design of equipment and facilities to prevent exposure of the caroide
to the atmosphere. Thus, planning provides for either a sealed throw-away
cartridge requiring no re-packaging in the logistics channel, or a field re-
packaging station where cartridges removed from the aircraft are emptied
and recharged. In the latter instance, special procedures and moisture
exclusion equipment are required.

5. HEAT AND MATERIAL BALANCE

Essential to the design of this subsystem are the balances covering heat
and materials, because these establish the flows and conditions at various
points in the subsystem. In place of a detailed, generalized scheme covering
all of the inputs and outputs for any aircraft and mission, a detailed
example of the calculations is pretented in Appendix E, which applies to
!w situation described in Section V-6 below.

6. CASE A1ALYSL I - MSESOIC TRANSIVT

a. Basis

For the purpose of this analysis, certain assumptions are made
concerning the capacities and operating characteristics of the SST, as
follows:
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Fuel tank capacity: 30,000 gallons - 4P,010 ft3

Fuel tank pressure: ambient plus 2 psi

Initial vapor apace: Zero or 10% capactty! O or 400 ft 3

Final vapor space: 90% capacity-C 3,610 ft 3

Flight time: 3 hours

Mximm fuel rate: BU 3 Rc

Cruising fuel rate: Re

Maximum fuel rate applies for 20% of flight.

Use of JP-7 fuel is assumed.

Two flight plans were selected for analysis. Table XI describes Flight
Plan No. 1, in which the SST makes a 3-hour trip that includes a 20-minute
full-power ascent following takeoff, a cruise at 75,000-80,000 feet, and
a gadual descent preparatory for landing. This plan is substantially in
line with published information(2). The second flight plan, in Table XII,
starts off the same but is terminated by an emergency, powered dive in
which the rate of pressure increase reaches 14.7 psi/ain.

At various periods during these flights, the demand for ballast
gas to pressurize the fuel tanks may be radically different, there being
four distinct situations:

" Cruise with no change in altitude

* Normal descent (20 min. duration) with a axizmzm
pressure change rate of 1.4 psi/in.

* Powered dive (of 0.5 min. duration) with a maximum
pressure change rate of 1.7 psi/ain.

e Ascent, during which displacement rate is reduced because
S, of the expansion of gas already in the tanks as ambient

pressure decreases.

b& Fuel Flow Rates

For the parpose of this calculation, a normal 3-hour flight is
assued, and it is also assumed that the vapor space in the tanks is 0%
at the start, 90% at the finish.

* 1.
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I

(3 hr') (0.2 m +0.8 Re) - 30,00o x 0.9 gal.

Rm 3 Rc

thus

0.2 Rm + 0.8 Pc - 27,00- 3 ga/hr

0.2 (3 Re) + 0.8 Rc = 9,000 gpii

1.4 PC - 9,000 gph

Rc - 6,,430 gph 4 860 cfh

107 gpm 14.3 e m

Rm - 19,.290 gph 2,.580 cfh

= 322 gpm 43 CfM

c. Ballast Gas Flow During Ascent

In general, flow of gas to the fuel tanks is expressed at a
temperature of 200*F. (the estimated temperature of gas in the tanks),
and ambient static pressure plus 2 psi. Gas flows to all components of
the inerting system are adjusted to correspond to the conditions in those
components.

(1) No Initial Vapor Space (Bcj)

To re-place the consumed fuel (BnR) it is necessary to supply 43
cfm. However, because of the reduction in ambient pressure during ascent,
the tank pressure must undergo a similsr reduction. For a very high altitude
flight, the total change in pzessure on ascent approximates 14.7 psi, and
during a 20-minute ascent the pressure change in each minute is 1/20 of this,
hence 0.7 psi. This means that all of the gas present in the tank at the
end of the nth minute expands 5% in the (n + 1)th minute, decreasing the
volume to be added (at ambient conditions) by 43/20 - 2.15 ef. Thus, for
each minute of climb, the flow rate of ballast gas varies as per

BG 43 2.
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where n m number of minutes elapsed from start of climb.

In this way, ballast gas flow rate chnnes from 143 efa during the first
minute to 0 during the last minute.

(2) Initial Vapor Space - 10% FT Capacity (B32)

3,000 gal - 400 cf initial ullage

Normally, the &mount of gas vented during ascent would be:

400 ft 3  0.7 Psi atz -20 cfr

"min. 14.7

Instead of venting this gas, allowance could be made for its
expansion in calculating ballast gas requirements:

B02~ (43 2.15 du) -20

(An alternate approach, not calculated here, would be to ignore the venting
of the initial uflage gas and utilize the full 43 cfa of b&aat ga to
expedite the purging of M from the tank.)

In the assumed situation, whether or not there is any initial
vapor space, when the point is reached where the volume deducted to allow
for expansion of the gas already in the tank equals the volume pumped to
the engines, the flow of ballast gas is continued at the cruise rate. 2his
is done for two reasons: to avoid shutting down the inerting systen, and
to reduce the oxygen content of gases in the ullage space.

d. Ballast Gas Flow During Cruise ((30)

During the cruise part of flight, the altitude changes (and can-
sequent3y the P changes) are negligible, and it is only necessary to replace
the consumed fuel, hence 15 ea of ballast gas is required.
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e. Ballast Gas. Fo During Descent

(1) Normal Descent (BGc, Bsc)

During a slow descent (eagines are idling), which is assurned
to take 20 min., the average rate of pressure change (increase) is 0.7 psi/
mn., the maximum rate of pressure change in 1.4 psi/ ta., the vapor space
is 90% of FT capacity, and the fuel consumption is about 1/5 that of cruise
rate or 3 cfm. As an approximation, the total pressure change is 14.7 psi.

Thus, the ballast gas demand is:

(for average A P, BG4 )

0.9 X , 000'gal 0.7.si atm I ft 3  +3-183 cm
in. 14.7 Psi 7.48 gal

(for xmm A P :the design value, B0)

0.9 , 30,000 al. 1.4 psi atm ,,, I ft3

I min. 1 14.7 psi 7 . 4
6 g l +3363cfk

(2) Powered Dive (B%)

Assumed to last 0.5 min., during which the pressure change rate
is 114.7 psi/min. and the maximum fuel consunption rate applies. Vapor space
is 90% of FT capacity.

Ballast gas demand due to pressure change is:

0.9 x 30,000 gal 14.7 psi atm 3,610 cm
I.. min. 47.7 psj 7.46 gal 0

Total ballast gas flow rate - 3,610 + 143 = 3,653 cft

1309
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f. Amount of Water to Remove

The following ws developed in Section V-3:

* one mole of dry ballast gas requires 1.081* moles
of combustion air

* one mole of water is produced by the combustion
of 1.4 3m noles of oxygen

First, the total flow of ballasL gas during the flight is computed, and
this is used to calculate the flow of combustion air and the average
pressure of the ballast gas as delivered.

(1) Flight Plan No. 1, No Initial Vapor Space

It is determined that after 13 minutes of ascent the BC
value reduces to 15 cft. During the remaining 7 minutes of ascent, thbe
flow of ballast gas is maintained at cruise rate .5 cfm). Referring to
TableXI, periods 3, 4 and 5 are lumped together as a period of level
fllht. This simplification does not introduce aV significant effect
in the aalculations that follow:

pscet (3 [2.:5 t) + (2o-13) 3 .5 512 ct
n 0

Cruise: [180 - ( 20)] x 15 2100 c

Descent (normal): 183 z (14.7/0.7) 3,83 ef

Total Ballnst Gas " 6,455 cf

6,455 x 1.081 - 6,980 cf combustion air

Tota Combustion Air - 6,980 cf

The above volumes have not been adjusted to a common pressure.
For this purpose, a mean flight pressure can be calculated by dividing the
sum of the volume x pretssure value for all periods in the flight by the
total volume (above). There are tvo major periods, we of constant pressure
and one of changing pressure (climb and descent). The average pressure for

the latter is obtained by dividing the area under the ambient pressure vs.
altitude curve (this area is calculated by graphical integration and is equal
to 3440,160 psia-ft) by the altitude difference (80,000-0 - 80,000 ft). This
gives an average pressure of 4.30 psia. Now, if a A P of +2 is maintainel
at all timec, the average pr-essure at which the ballast gas enters the fuel
tanks during climb or descent becoies Pavg - 6.30 psia.

*For -5-7.
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Level flight at 80,000 ft. corresponds to a tank pressure of
(0.4 + 2.0) - 2.4 psia. The mean flight pressure, PMF, can now be calcu-
lated,

(512 + 3,843) x 6.3 + 2,100 x 2.4
512 + 3,843 + 2,1OO

PMF 5.03 pia

The molar volume of gas (V1) is determined for the conditions
at which the ballast gas is delivered to the fuel tank:

tI  - 20O°F .. T - 660"R

P)(F "5.03 psia -

assuming ideal gas behavior. Thus,

Vl,= L x 359 x 660

V1 = 1,407 ft3/IbmoleI

The total amount of water to be removed during the flight is:

6980 ft3 a.r 0.21molesO2! mole I 1mole H2O 18 lb H-,0
- molc air 1,407 ft 3  1.4 moles 02 lb-Mle

13.4 lb. water per flight

(2) Flight Plan No. 1, 10% Initial Vapor Space

The alight changes in PF and V1 compared with the above
situation are neglected. herefore, the only change involves the amount
of ballast gas during the climb. In this situation, the cruise flow rate
is started after three minutes of ascent.
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Ascent: (23-2.15 dn) + (20-3) x 15 335 ef

Cruise: - 2,100 cf

Descent: = 3,843 cf

Total Ballast Gas = 6,278 cf

6,278 x 1.081 6,790 cf air per flight

Total Combustion Air = 6,790 cf

6,790 0.21 mI ole 1 I 18 1b. H 13.0 lb water/flight
... 1,407 cf 1.4 mole "

13.0 lb. water per flight

(3) Flight Plan No. 2j, No iritial Vapor Space

This is Flight Plan No. 2. By reference to Table XII it is
seen that the ascent period is exactly the same as in the non-emergency
flight, and the cruise period is ahortened to 136 minutes (Periods 3 and 4
combined) during which 15 x 136 - 2,040 ef of ballast gas is needed. Thus,
the ballast gas requirements differ significantly only in the subsequent
periods relating to descent.

During the powered dive portion of the emergency descent, the
gas flow rate is 3,653 cfm for a period of 0.5 min. During the grdual
dive (last 1 min.) portion of this descent, the change in pressure is from
7.747 psia at 17,000 ft. to 14.2 psia at 1,000 ft. altitude. Thus, A P
is 6.453 psi/min. and the flow rate due to pressure change is

0.9 x 30,000 gal 6.453 atm . ga3 1,585 cfmm rin 14i.7 Psil 7.46 gal

Now adding for fuel consumption: 1585 + 43 - 1,628 cfr. Finally, during
the approach for landing (0.5 min. duration):

0.9 x 30,000 14.7-14.2 psi atm* + 3 249 cfI 0.5 min. 14.7 psi 7.46 gal
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Thus, the total volume of gas required during an emergency

descent is:

powered dive portion 0.5 x 3,653 x 1,827 cf

gradual dive portion a 1,628

approach for landing = 0.5 x 24 c - 125

Total = 3,580 cf

The average presssures are:

Altitude from 0 to 1,000 ft 14.35 psia

Altitude from 1,0M) -'o 17,000 ft 10.65

Altitude from l7,C0 ;O 80,000 ft 2.53

The mean fuel tpank ptssure for the entire flight is calculated:

512 x ( 4.30 + " ,226 psia.cf

2,040 x(0.4o + 2, 4,896

1,827 x (2.53 + 2) = 8,276

1,628 x (10.65 + 2) - 20,594

125 x (14.35 + 2) - 2,044

6,132 cf W 39,036 psia-cf

39,036I -f 6-,132 = 6.4 psia

The mean molar volume is

14.7 660V2 = x 359 x

I V2 -'l,112 ft3/lb-mole I
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iow the water requirement Is determined:

Ascent 512 cf

Cruise: 136 x 15 2,040

Descent 3,580

Total Ballast Gas - 6,132 cf

Total air - 6,132 x 1.081 - 6,630 cf

E TtalCombu st ion Air a 6,630 c

The amount of" water formed is:

6,630 cf air 0.21 mole 1 18 lb. l
I I1,112efj 1.14 Imole

16.1 lb. water per flight

(4) Pligt Plan No. 2, 10% Initial Vapor Space

Again, neglecting the slight changes in P F and V2 , the
only change is during climb, where 335 cf of ballast gas are required,
for a total of 5,955 cf, or 5,955 x 1.O811 - 6,438 cf of air.

The amount of water to remove is

6,1438 0.21 1 1
1 1,112 1.4

15.6 lb. water per flight

g. Rate of Water Formation and Removal

It is essential for design purposes to determine the ratec of
water formation during various periods of a flight. The follo2ing calcu-
lat8ions were made for the ballast gas flw rates of interest. As developed
in Section V-6-i below, a part of the combustion water (55%) will be
removed by condensation in a heat exchanger (HE #3) imediately upstream
from the gas dryer. Therefore, the drier duty will equal 45% of the water
formed. The calculation model for the rate of water removal in the dryer is:



Air flow rate, cf'1 0.21 m mole I 1 18 lb. HO ! o. 1 3

I I molar volume, cf 1.4 mole I

and the values of interest are tabulated:

Ballast Corresponding Pressure Rate Rate of Water
Gas Air Flow in Fuel Molar of Water Removal

Demand, Rate, Tankm Volume, Formation in G.*As Drier
cmf elm psia cf #/Min. #1MIn.

15 16.2 2.4 2,950 0.015 0.007

363 392 15.54 456 2.33 1.05

3,653 3,949 4.53 1,563 6.82 3.09

1,628 1,760 12.65 560 8.49 3.84

NAverage pressure for the appropriate altitude range.

h. Qaatity of Catalyjt

The method of calculation for the quantity of catalyst required was
outlined in Section V-3-c. Base values already developed for the SST in
parts 6a-6g of thin Section were used in making the following calculatlcns.
These include the assumptions that a 10% excess f fuel will be used, ani
that the equivalent composition and weight of -.d fuel are C9H20 and 128,
respectively.

By these means, the values shown in Table XIII were computed for each
of the ballast gas flow rates of concern for the SST.

Two oxygen conversion levels, 96% and 75%, were used in calculating
the volume of catalyst, Vc. The specific weight of catalyst A (40.6 lbs./cu.
ft.) was assumed in the last stages of the cal.'tion, P-d thi' results for
th: situations of interest are presented in Table XIV. As indicated in the
table, 96% conversion during a normal descent was chosen as the basis for
conceptual design of a catalytic combustor under Flight Plan No. 1, and 75%
conversion during the gradual dive portion of an emergency descent (covering
the altitude change from 17,000 to 1,000 feet elevation) was chosen for
Flight Plan No. 2. Other combinations might be selected, among which there
are two shown in Table XIV that require larger amounts of catalyst. However,
these would provide 06% oxygen conversion under high-demand conditions, and
seem unwarranted because those chosen will satisfy the target performance.

i. Flight Plan No. 1 - Average Flows and Conditions

The flows of heat and materials, and the conditions afferting
performance of the subsystem, are influenced significantly by the specific
flight plan. Immediately following is the development of balances for
Flight Plan No. 1, representing the average conditions for such items as
tank pressure, compressor air temperature, and cooling water temperature.
Results are entered on the flow diagram which appears in Figure 36 and
shows all of the pertinent streams and items of equipment.
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(1) ~Data

(a) Heat of absorption ( Hra) Of water (including the heat
of condensation in the amount of 1,050 BTUJ/# water):

for CaCI2  - 1,500 BTU/lb. water absorbed

for CaS04  = 1,700 BTU/lb. water absorbed

(b) Heat of vaporization of fuel,

106 BTU/#/ at boiling point
100 BTU/# at 6000F.

(c) Heat of reaction for JP-7 - 18,750 BTU/#

(d) Average boiling point for JP-7 - 426"F.

(e) Density JP-7: at 60"F - 6.66 lb/gal (0.7981 g/ml)
at 300F - 5.848 lb/gal
at 325F * 5.765 lb/gal
at 600F w 4.91 lb/gal

(f) Average beat capacity (specific beat) of fuel:

between 325 and 600OF 0.6925 BTU/(b)(7)

between 425 and 600"F Cp - 0.720 "

(g) Molecular weight of air - 28.9

(h) Average heat capacity of air:

between 225 and 932"F Cp - 0.2526 BTU/(Ib)('F)

between 225 and i p- 0.2549 U

between 600 and 1,200"F Cp s 0.2606 0

(i) Compensation Factor"converts requirements of dry ballast
gas into those of air (because of water formation and
removal):

1.08. (see Section V-3)

(J) Each 1.4 moles of oxygen (02) will produce 1 mole of
water (H2o).

(k) All heat content data are based on 32"F as the reference
point.
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(2) Assumptions

(a) volume of ballast gas to be delivered to fuel

tank . 1,000 ft 3 /miln.

(b) Pressure cf ballast gas leaving drier and entering

the fuel tank - 5.03 psia, the mean flight pressure

for Flight Plan No. 1 (see Section Io. V-6-f).

(c) Temperature of dry ballast gas leaving drier and

entering fuel tank - 200F.

(d) Temperature of saturated ballast gas entering the

drier a 100*F.

(e) Cooling water temperature:

at start of flight M 40"F

at end of flight a 800F
average for flight = 65*F

(f) Fuel ayailable, ar cooling medium, at 300*F.

(g) Fuel flow rates (to engines):

cruise - 107 gpm (at 60F) - 712 #/min.

idle - 107 i 5 - 21 gpm (at 60"F) -140 #/mlin.

() Equivalent composition of JP-7 is C9 20, thus its

molecular weight is 128.

(i) 10% excess (over stoichiometric) fuel is used in the

reactor.

(j) Temperatures of available air (high-pressure tap)

near idle - 250*F

cruise - 8007

power dive - 1,000-1,300°F

average for normal flight - 600OF

(k) Preheated air leaves reactor jachet at

60)C - ii12F

(1) Moist ballast gas leaves the reactor catalyst bed at

or below the hot spot temperature of 725C - 1,33 F.
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(m) Conplete oxygen conversion is assumed for the purpose
of calculating: heat of combustion, water formation,
water removal and flows.

(n) Moist ballast gas leaves HE V4o. 2 at 340'F, the fuel.
at 350°F.

(o) Cooling water leave.- HE No. 3 at 210F.

(p) Cooling water lef.cz Zas drier at 180"F, co-current
flow pattern.

(q) F-ael vapor pressure in the fuel tank is neglected.
(This makes our calculations more conservative.)

(r) Zero water content is assumed for the compressed air
supplied by the engines.

(3) Heat and Material Balances

Appendix E summarizos the calculations involved in developing
the heat and material balances for the SST average flight conditions,
using the above data and assumptions. Most of the results are shown on
the flow diagram in Figure 36. Following is a tabulation of the important
values.

* Molar volu.? at assumed conditions 1,407 ft 3 /lb-mole

* Air flow for 1,000 cfm ballast gas 1,081 ft 3 /min.

22.21 ib/in.

* Fuel flow to combustor 1.623 lb/min.

• Mixture flow to combustor 23.82 U

* Rate of water formation 2.075 "

* Water condensed in HE #3 1.135 "

* Water removed in gas drier 0.9 9

* Dry ballast gas delivery 21.75 "

* Total cooling water require- 27 "
menit

* Fuel required as coolant 3.14

It may be remarked that the total cooling water required for the drier and
HE #3 is in excess of that required for the combustor, and wet steam will
issue from the combustor cooling coils.
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(4) Flight Requirements

The above results, in conjunction with the total combustlion
air flow during a flight, can be used to calculate the total flight require-
ments. For example, it is recalled that the total air requirement for
Flight Plan No. 1 (with no initial vapor apace in the fuel tanks) is
h,980 ft3.

(a) Total cooling water consumption:
6 x 175 lbs.

(b) Total water removed by condensation:

,98 1135

1,000 X 1.lbs.

(c) Total water removed in drier:

6 , 98o X 0.2!1 - 6.07 ibm.
1,000 X 1.061

The sum of (b) and (c) above equals the total amount of water formed in
the combustion reaction, because IC% removal is assumed.

J. Flight Plan No. 1. Design Flows and Conditions

In the following presentation, desig flows and conditions are
generated for that part of Flight Plan No. 1 that represents amxvium
ballast gas demand. This is the period of normal descent, when the rate
of ambient and fuel tank pressure increase equals 1.4 psi/minute. As
previously determined:

Dry ballast gas demand - 363 ea

Dry ballast gas temperature - 200"?

Pressure in fuel tank - 15.54 psia

The flows and conditions were calculated as in the previous situation,
but only the bases and results are shown.

- (1) ta

2he data are the same as in the previous calculations for
average conditions.



(2) Assumptions

Only those that differ from the ones listcd in the calculations
for average conditions are indicated below.

" Cooling water available at 80*F.

* Fuel flow rate (near idle) - 21 gpm (at 60"F) 140 #/min.

" Air available from high pressure tap at 2500F.

e The remaining (unused) fuel vapor prescnt in the ga that
leaves the reactor is considered as ballast gas (that in
nitrogen and C02 ) with regard to its thermal and flow behavior.

(3) Results

Most are indicated in the flow diagram given in Figure 37.
Following is a tabulation of the important values.

" Molar volume at assumed conditions - 455.5 ft 3/Ib-mole.
" Air flow to supply 363 cfm of dry bell t gas - 392.4 cfn

- 24.9 lb/min.

* Fuel flow to combustor - 1.82 lb/min.

" Mixture flow to combustor - 26.72 #/min.

" Rate of water formation - 2.33 #/min.

* Water condensed in HE #3 " I.27 #/min.

" Water removal in gas drier = 1.05 #/min.

* Dry ballast gas delivery 24-.39 #/min.

" Total cooling water requirement - 34.8 #/min.

" Fuel required as coolant - 52 #/Min.

Again, the total rate of cooling water needed for HE 3 and the
gas drier is excessive for the reactor.
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k. Equipment Design, Flight Plan No. 1

The foregoing permit sizing and design of the ccanponents of the
inerting subsystem. Design of the combustor is based on peak demand for
ballast gas, which occurs during the descent period. Design of the gas
drier must satisfy two criteria: ability to handle the peak demand, and
capacity to hold (without regeneration) the total quantity of water to be
absorbed over a mininum number of flight hours. The total system must be
capable of functioning during the period of critical pressure drop (high-
altitude level flight).

(1) Results

Details of the design and weight calculations are given in
Appendix F. The results obtained are summarized below, with all figures
rounded to the nearest pound:

(a) Air and Fuel Feed Equipment

Supply piping 19 lbs.

Spray nozzle assembly 1

Vaporization chamber 91

Chamber outlet piping 14

Heater 12

Sub-Total 137 lbs.

(b) Cmustor

Core tubes 5 lbs.

Catalyst retention screens 73

Catalyst 14

Catalyst diluent 116

Cooling tubes 323

Outer wall 135

Oixtlet section 11

Fuel preheat tubing 5

Heating elements 12

Sub-Total 694 lbs.
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(e) Heat Exchanger HE 1

Duct 322 lbs

Cooling tubes 1426

Sub-Total 1748 lbs

(d) Heat Exchanger HE 2

Duct 48 lbs.

Cooling tubes
Sub-Total 157 lbs.

(e) Heat Exchanger HE 3

Duct 78 lbs.

Cooling tubes 127
Sub-Total 205 lbs.

(f) Drier

Outer wall 154 lbs.

Cooling tubes 237

Desiccants 989

Filter and Screens 13

Water tank and water

Sub-Total 1699 lbs.

(g) Total Subsystem

Drier 1699 37

HE-l 1748 38

Combustor 69 15

H3 205 4

HE 2 157 3

Feed Streams 137 3

TOTAL 100

126
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(2) Discussion of Weight and Size

The largest and heaviest item in the combustor f-'ed equipment
is the vaporization and mixing chamber, which is 5'-3" long and we ighs
91 pounds. It is designed for use with a two-fluid nozzle. lesign con-
ditions are 1100"F and 220 psig, the maximum pressure expected from the
high-stage compressors. The savings in weight that would possibly result
from use of alternate types of equipment were not evaluated. Tne weight
of the electrical startup heater is minor (12 pounds).

The combustor is a major item, measuring 43" lohg hy 21" in
diameter,and weighing 694 pounds. Nearly half of this weight is for the
cooling tubes embedded in the catalyst, and the next heaviest scbitems are
135 pounds for the outer wall and 116 pounds for diluent. Possibilities for
weight savings exist in several areas: use of an alloy for the finned tubes
having better strength-weight properties than 316 SS; full optimization of
the diameter and length of the combustor, and dimensions and spacing of tubes
and fins; and detailed comparisons of other combustor types with the radial
type.

The heat exchanger (HE 1) which preheats the combustion air
and provides the first substantial cooling of the combustion gases is the
heaviest of the components. It is housed in a duct measuring 2 feet x
2 feet x 5.3 feet long. The 23 banks of finned tubes (0.93" ID) weigh
1,426 pounds, and the duct itself weighs 322 pounds. These weights are
based on the use of Hastelloy C, and the flow of the cooler fluid (air) in
the space external to the tubes, which favors a thinner duct wall. Other
alloys were not considered, and dimensions have not been optimized.

The next two heat exchangers are housed in a duct measuring
1 foot x 1 foot x 5.3 feet long. The fuel-cooled portion is of 316 SS con-
struction, while the larger, water-cooled section is made of aluminum.
The weight of the duct walls is 126 pounds, and the combinLd weight of fuel
and water tubing is 236 pounds. Here again, the design has .not been optimized
for minimum weight.

The drier is the second-heaviest component. The combination of
CaC1 2 with zeolite yields a residual water concentration of 10 ppm (volume)
at 150*F and an overall average design space velocity of 380 hr - 1. Weight
and efficiency are better than can be achieved with the CaCl 2 -CaSO4 combination.
Temperature is the dominant factor governing the performance vs weight relation-
ship. It was found that substantial benefits in both performance and weight
can be achieved by increasing the quantity of cooling water in order to
reduce the drier temperature from 200OF (original plan, see Figure 37) to
150"F. This is illustrated by the following summary of calculations made
for the combination, CaCl 2 plus CaSO4.

12
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Exit gas temperature, *F 150 200

Exit water conc., ppm 100 1,000

Total bed volume, ft 3  30.4 83.5

Total weight of agents, lb 2,053 5,430

Cooling water per flight, lb 122 55

Dramatically, the 67 pounds of additional cooling water reduces the exit
watir concentration by an order of magnitude, and effects a savlng of
more thau 3300 pounds in weight of agent alone. This is accompliohed by
maintainir4 a constant temperature difference of 20"F between gas and
coolant throughout the length of the drier, using parallel flow.

This departure from the scheme presented in Figure 37 does not
jffect any components other than the drier, since during most of the
flight the ballast gas is likely to reach a temperature of 2000? (from
contact with the hot walls) soon after entering the fuel tanks.

The drier is 1 foot x 2 feet x 12.8 feet long, exclusive of
the transition pieces at each end. It is charged with a combined total
of 9e9 pounds of CaCl. and zeolite, and provides protection over a period
of 50 flight hours without regeneration.

A tank of cooling water is included as a part of the drying
equilment; Its weight including initial water supply is 300 pounds. The
other main weight items are the finned alumimm cooling coils, weighing
237 pounds, and the aluminum outer wall, weighing 154 pounds. Here again
the dimensions and spacing have not been optimized.

The total subsystem weight of 4,640 pounds does not include
-the weight of the controls, some connecting lines, structural supports, and
insulation. It represents 2.3% of the initial fuel load (200,000 pounds).
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1. Flight Plan No. 2 - Average Flows and Conditions

Calculations of average flow rates and conditions of temperature
and pressure are made in a similar way to those presented above for Flight
Plan No. 1. Details are amitted; only the important ass~nptions ard results
are given below. Note that all flows are related to 1,000 cft of ballast
gas, and that 1O% conversion of oxygen is assumed.

(I) Conditions and Assruptions

BG demand 1,000 cfm

BG temperature (in FT) 200OF

Pressure in FT 6.37 psia

Oxygen conversion 100-

Avg cooling water inlet temperature 60"F
a

Drier cooling water exit temperature 180F

Fuel: temperature 300OF

cruise flow rate 722 lb/min

Avg temperature of air 975OF
entering subsystem (at HE 1)

All other assumptions remain as in FP No. 1 unless
calculations dictate otherwise.

(2) Results

Molar volume at average conditions 1,111 ft 3 /lb-mole

Amount of air required for 1,000
cfm BG 1,081 cfm

Weight of air 28.11 lb/min

Weight of fuel required 2.05 lb/min

Weight of air-fuel mixture 30.17 1b/min

Weight of water formed (100%
conversion) 2.63 lb/min

'Shorter flight time means less heat into water than in FP No. 1.
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Amount of water renoved by conlensation 1. 4 lb/mmn

Mount of water removed in drier
(100$ efficiency) 1.19 lb/in

Weight of dry BG delivered to FT 27.5 lb/nin

Combined cooling water for IM 3
and drier 30.e 2/a

Aount of fuel required as coolant 247 lb/an

For a coplete flitAt, intluding 10% excess for any
contingency, the load of cooling water for the inerting subsystem Is

The heat and mass balances for the various ccrToncnts
in the subsystem during SST Flight Plan No. 2 (average conditions are
presented in Figure 38.

(3) Use of Add3tional Cooling Water

Under FP No. 1, It was found tat the temperature of the
BO leaving the drier can be reduced to 150"F by using an Ldditional quan-
tity of cooling water. Similar calculations for FP No. 2 show that the
sam can be accomplished with the following flows and conditions:

drier cooling water exit temp. 1OF-

cooling water rate (drier) 22.3 lb/min

cooling water rate (drier + HE 3) h2.1Mlb/min

total cooling water per fl t,
incl. 10% Mesa 285 lb

a. Flight Plan No. 2 - Design Flows and Conditions

Design flows and conditions are based on the peak flow rate
expected during the powered dive, nanely 2628 ea. As in the preceding
subsection, BG temperature is 200"?, but a lower conversion level of
75% is employed.

(1) CadLitions and Assmptions

BG demand 1,628 eft

BO temperature 200"F

Pressre in PT 22.65 psa

Coaversion 75%

ftearly sfcient for the combustor, which needs 30.3 lb/Min. Balance
to be achieved by collecting and using the condensate from HE 3.

Nre than sufficient to supply the c bustor.
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Cooling water inlet temperature 75°F

Drier cooling water exit temperature 180OF

Fuel: temperature 300OF

full power flow rate 2,14o Ib/min

Temperature of air entering subsystem 1,200F

All other assumptions remain unchanged.

(2 Results

Molar volume at design conditions 560 ft3/lb-mole

Amount of air required for 1,628 cfr BG 1,760 cfm

Weight of air 90.9 lb/min

Weight of reaction fuel required 6.64 lb/min

Weight of air-fuel mixture 97.5 ib/min

Weight of water formed (75% conversion) 6.37 lb/min

Amount of water removed by condensation 2.52 lb/min

Amint of water removed in drier 3.85 lb/min

Amount of fuel removed by condensation 2 lb/min

Weight of dry EG delrered to FT 8.2 lb/mm

Combined requirements for cooling water 105 lb/min

Amount of fuel required as coolant 822 lb/min

A chart showing the flows and conditions throughout the subsystem is given
in Figure 39.

(3) Use of Additional Cooling Water

The temperature of the BG leaving the drier can be reduced
to 150'F by using additional cooling water, as in the previous case. In
this instance, the cobined cooling water requirement (HE 3 plus drier)
reaches 158.5 lb/min versus 105 ib/min needed in the combustor.

n. Equipment Design, Flight Plan No. 2

(1) Method

The equipment design generated for the SST inerting subsystem
under Flight Plan No. 1 was used as a point of departure for Flight Plan
No. 2. The latter calls for a larger subsystem, and the wight of each
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component was scaled up by an appropriate method, as described in Apip-,dix

0 where the calculations are presented.

Special attention was given to a weight comparison batween

two combustor designs. The radial design was aoaled up from SST 1P No. 1,

and comtjred against the segmented design.

The design was not checked for pressure drop.

(2) Results

The following vx=ary of weights is taken Irta the calculations

in Appendix 0.

(a) Air and Fuel Feed

supply and outlet piping 100 lb

spray nozzle I

vaporization chamber 202

heater 24

fuel booster pump 10

Sub Total 337 lb

(b) Cacmustor (Radial)

entire unit, by scale factors 1.44 lb

(c) Cembustor (Seiented)

retention screens (8) 54 lb

catalyst 24

catalyst diluent

cooling tubes 352

outer wal (duct), baffles 170

fuel preheat tubing 17

heating elements 13

Sub Total 630 lb

13.4



(d) Heat Exchanger HE 1

Same as FP No. 1 1,748 lb

(e) Heat Exchanger HE 2

Entire unit, by scale factors 239

(f) Heat Exchanger HE 3

Entire unit, by scale factors 225 lb

(g) Drier

outer wal (duct) 577 lb
cooling tubes 431
desiccants 3,667
gas filter and screens 40
water tank, water, pump -- M

Sub Total 5,050 lb

(h) Total Subsystem (with Segmented Reactor)

Component Pounds

Drier 5,050 61
HE 1 1:448 21
Combustor 630 8
Feed Streams 337 4
HE 2 239 3

(3) Discussion of Weights

The drier weight dominates the subsystem, representing 61% of
the entire package. In comparison to the drier for FP No. 1, it is
heavier by a factor of 3 and handles 3.7 times the volume of BG. This
dcminant position of the drier is mainly a result of weight savings achieved
for the other major components.

The weight of HE 1 is only 23$ of the package in this instance.
No change in weight (vs FP No. 1) is required because the air is supplied
to the subsystem at a much higher temperature, and only requires IO0-F of
preheat. The segmented combustor weighs less than half as much as the
scaled radial type, and its weight is only 8% of the subsystem weight.

As in the previous case, the subsystem weight does include the
weight of a cooling water tank and pump, plus the water required for the
inerting subsystem. It does not include the weight of controls, structural
supports, insulation, and sce connecting lines.
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7. CASE AIMYSIS II - TACTICAL AIRCRAnT

a. Basis

A hypothetical tactical mission representing present-day ground
support operations was obtained through the cooperation of the Air Force
Aero Propulsion Laboratory. The mission profile is shown in Figure 40.
where several significant differences from Case I can be noted. The
altitude does not exceed 35,000 feet, there are two refuelings, and there
are four descent periods during which ballast gas required for pressure
adjustments in the fuel tanks adds to the water absorption capacity rcquired
in the drier. Total flight time in 155 minutes, of which 38 minutes are
spent at full power and 30 minutes at idle. The remainder is classed as
cruise power. A tabulation of pertinent descriptors for the flight is
given in Table XV.

b. Fuel Flow Rates

Tank capacity - 2,000 gal - 267.4 ft 3

90% full capacity - 1,800 gal - 241 ft3

Assume two drop tanks, capity 300 gal. each

Total fuel per mission - 2,000 (0.75W + 0.751 + 0.80) + 600 - 5,200 gal

Cruise fuel rate -Rc

Maximum fuel rate - Rm - 3 Rc

Idle fuel rate - R, - 0.2 Re

Maximw fuel rate applies for 25% of flight

Idle fuel rate applies for 19.5% of flight

155 min (0.25 Bm + 0.195 RI + 0.555 Re) = 5,200 gal

0.25 X 3 Be + 0.195 x 0.2 Rc + 0.555 R a (5,200 15) al/min

0.75 Re + 0.039 Rc + 0.555 Rc - 33.55 gpm

1.34. Be - 33.55 am

Ra 25 gy

a 3.34 cfm

- 160 lb/min

REach refueling a (90-20%) + 5% for fuel consumed while refueling.
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U75 gp

- 10.03 cfm

4 179 Tb/nin

RI = 5

a 0.67 cfm

- 32 lb/mmn

Because of the low fuel rate at idle condition, it my be
necessary to circulate fuel through HE 2 during the deacert and arroach
to landing, in order to provide sufficient cooling capacity. The t-per-
ature of the fuel available for cooling is assked to vary during the
mission as shown in Figure 41, which is based on information furnished by
the Air Force Aero Propulsion Laboratory. A design temerature of 60*F is
chosen because the design situation represents the descent, when temperatures
are expected to be at this level or lower.

c. Ballast Gas Demand

(1) Total Requirements

Total requirements were obtained by smmnation of the demand
during each element of the flight, calculated by the same or similar metbhs
used in Case I for the SST, neglecting the fuel and volume of the drop tanks.

Initi cli (10% vapor pace) 40 cf

Cruise 117

Refueling descent (80% vapor space) 67

Refueling 17

Approach to combat zone (10% vapor space) 56

Initial attack dive (20% va space) 89

3 attack passes (level flights) 24

2 attack approaches (level flights) 60

Climb after first attack (30% vapor space) 10

Second attack dive (40% vapoz space) 48 e
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Cirb after secord attack (50% vaor s;a#e) 10 ef

Third attack dive (60% vpor rpace) 62

Recovery climb (65-70% vapcr S*ace) 27

Refueling 17

Approach to cruise altitude (10% vapor space) 39

Cruise 67

Descent (70% vapor space)26

Approach to landing (75% vapor space~) 1.0

lmaing (80% vapor space) 1.9 ef

TOTAL PER FLIghT 1,102 cf

The above total is based on use of the cruise flow rate as a minjm flow
rate durins the climbs, as was done in the case of the SMT.

(2) Design Rate

Maxtium demand occurs during the third attack dive, wben 60%
of fuel tank capacity is occupied by vapor, the ennes are operating at
full power, and a pressure change rate of 14.7 ps/min is experienced. In
this situation the ballast gas demand (and flow rate) is:

0.6 z 2,0 gal J14.7 psi atm f01 +
ld 1.7 Psi T.48 gal-

Design flov rate - 171 cft

d. Mean Fligt Pressure

The average pressures for the altitude ranges carresponding to
Individual elements of the flight are listed below. These pressures, as
well as the mean flight pressure are determined following the seme method
as outlined for the SST. The pressure in the fuel tank is asumed to be
1 psi above the ambient static pressure.
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Avg. ASP, Avg. Tank

Altitude wnR e or Level p_2a& Presure, Rota

0 to 30,000 ft 8.71 9.71

30,000-35,000 ft 3.9 4.9

35,000 ft 3.46 4.46

30,0oO ft 4.36 5.36

25,000-30,000 ft 4.9 5.9

3,400-25,000 ft 8.86 9.86

3,OO ft 13.06 14.06

3, 00-10,000 ft 11.62 12.62

10,000 ft 10.1 11.1

3,400-30,000 ft 8.13 9.13

7,000-35,000 ft 6.78 7.78

2,500-7,000 ft 12.41 13.41

0-2,500 ft 14.09 15.09

Mean flight pressue calculation:

40 x 9.71 - 388.44 psi&-cf

50x 4.9117 a 245

67 x4.46) 298.82

67 x 4.9 - 328.3

17 x 5.36 - 91.12

56 x 5.9 - 330.4

89 x9.86 - 877.72

24 x 14.06 = 337.44

60 x 1..1 - 666

10 x 12.62 = 126.2

48 x 12.62 a 605.76

10 x 12.62 U 126.2

62 x 12.62 = 782.44
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27 x 9.13 a 246.46

17 x 5.36 a 91.12

39 x 4.9 a 191.1

67 x 4.46 n 298.82

263 x 7.78 = 2,045.61

0 z 13.41 a 536.48

49 x 15.09 a 739.17

a 9,352.6 pta-cf

Mean flight pesur -93:2.6 ria-cf
1, 102 cf

= 8.5 pss (in fuel tank)

Mean flight pressure - 8.5 psi.

0. Water Formation and Removal

(1) Formation

The fuel used is JP.4, whose equivalent composition is
ClOH2O with a molecular weight of 140.

Stoichiometric equation (at Ioo% conversion)

C 0Hs + 15 0 2 - 1 C0 2 + 1o H2 0

The molar ratio of oxygen to water is

and the mass ratio is

15 -2 2.67



Stoichiametric equation using air (at 10D% conversion)

1.4 C10H2 0 + 21 02 + 79 2 -- 79 N2 + 14 CO2 + 14 H20

Relations: 1.4 moles fuel to 100 moles air

100 moles air to 107 moles moist BG

100 moles air to 93 moles dry BG

Consequently, removal of water causes a net shrinkage of 7 moles.
Lc compensate, we need 100 Z 93 - 1.075 moles (or cf) air for each mole
:or cf) of BG to be supplied.

10% excess fuel and 100% conversion of oxygen

1.54 C1 0 20 + 21 02 + 79 N2 -- 79 N2 + 1 C02 + 14 E 2 0 + 0.14 c1 0jO

Relations: 1.54 moles fuel to 100 moles air

100 moles air to 107.14 moles moist BG

100 moles air to 93.14 moles dry BG

10% excess fuel and 75% conversion

l.5 OCo + 21 02 + 79X 2  79 2 + 5.25 02 + lo.5 C0 2

+ 10.5 %0 + 0.49 Clo-2o

Relations: 1.54 moles fuel to 100 moles air

100 moles air to 105.74 moles moist BG

100 moles air to 94.77 moles dry BG

(2) Total Water to be Removed

To be conservative water removal is based on 100% conversion,
although actually during portions of flight (especially dives) the conversion
level will be considerably lower.

Because the temperatures of the fuel and of the cooling water
are much lower than in the SST case, it may bi assumed that the dry BG will
reach the futl tank at the following conditivas:

T 560R

P - 8.5 psia
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The molar volume of gCs in

V 147 x 359 x 56 706.7 ft 3 /b-mols492V7
The total amount of air necessary to supply the required

amount of BG is

1,102 x 1.075 - 1,16 ef alir per flight.

The total amount of water formed and to be removed is

1 cf air 0.1 m~ole 1 18 lb H0

4.23 lb water per fligbt

As is shown later, 2.86 lb are removed by condensation and
1.37 lb in the gas drier.

f. Amount of Catalyst

This calculation Is made by the method used for the SST in Case I.
Following is a su %ay of calculations.

VBG (at 1000? and 12.62 psia), cft 171

V1 - Vx A 1.79VQtv cfz 8#

P, a pressure in fuel tahk, psi& 2.6

v, x P 2P320

T2 = T2Yl [532.5/(56o x 14.7)], cfai 150,

.V - molar volume (at 72.5" and 114.7 psia), cf/lb-mole 388

M - V2 lb-moles air/min 0.386

N02 - 0.21 Nn lb-omles 00n/8n 1.8

PO - 60 N2 lb-moles =pn/br 1.87

p - 0.015PNA lb-moles fuel/mn 000595

vy lI4(cPj lb fuel/am 0.833

fpecific volume of fuel vapo, ft 3 /lb 3.04

Vy hx Sp. vol, cn 2.53

TFor JP4
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VT -V 2 + VF, c fm 152

CAO - N02 "VT, Moles/ft3  0.00053

k (assumed the sam as for JP-7) 194,000

k CAO 103.45

FAO/k CAO o.o470

Conversion, 75

]CA  0.0552 .414

[(i + EA)in I/(I-XA) -EAXA] X 3.34 1.41

Vc, ft 3 (see equation (A), part V-3-)0.157 o.066

WV . foV, lb 6.4 2.7

g. Material and Heat Balance for Average Conditions

(1) Bases

BG demand - 100 elf

BG temperature - 100*F

Pressure in fuel tank - 8.5 psia

(2) Data

1. Heat of reaction for JP-4 - 18,500 BTU/lb

2. Average boiling point of JP- - 3360?

3. Density of Jp-4: at 60"F - 6.381 lb/gLl

at i007 - 6.237

at 200 5.877

at 300*F - 5.522

H. Neat of vaporization of JP - 110 BTU/lb (estimated)

5. Conversion factor - 1.075 (to convert BO demand into
air requirement)

6. Each 1.5 moles oxygen will produce 1 mole water
7. Curves were developed for thermodynamic properties of

liquid and vapor JP-l.
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Items of ecapment and str#za of materials referred to below
are displayed in Figure 2.

1. Temperature of dry BG entering fuel tank a 100*F

2. Temperature of saturatel BG leaving RM 2 - 85"F.
(Contrary to Case I, there is no need for HE 3.)

3. Moist BG leaves catalyst bed at or slihtly below 1,337&'

4. At all times during the flight, cooling water is available
at a temperature of 4O*F. [In fact, it may be inferred
from the fuel temperature profile (Figure 4l) that
occasional heating will be necessary to prevent freezing

5. The cooling water leaves the gas drier at-80*F.

6. Fuel is available rs tocant t.t 630Y, and leaves EZ 2
at 150'. Its naxi--r temperature-at any tize during
the flight is 200'F.

7. Fuel flow rate - cruise flow rate - 25 gm (at 60*F)
-16o mbnim.

8. Equivalent composition of JP-4 is ClO20, with molecular
weight of I40.

9. 10% excess fuel (over stoichicaetric requirements) is
used in the ccmbustor.

10. Reaction fuel is preheated to 300*F. Higher temperatures
are avoided to prevent fouling as a result of thermal
degradation.

11. Air is available from high pressure tap at 6000F.

12. Air in preheated in M 1 to 1,3l12F.

(4) Results

Calculations made as per the methods used in Case I yielded
* the results given in Figure 42. Following is a tabulation of the important

values.

Molar volume at average conditions 706.7 ft3/b-mole

Flow of air for 100 cfm 3G 107.5 cft

Velght of air 4.4 lb/min

Amount of fuel required 0.328 lb/ain

9 148



aOra

aSH! i~ go

isvi

all G
2  f! P

mom

S.S

-JD AA F-IV

149



Weisht of air-fuel mixture 4.73 b/ain

Amount of water formed 0.383 b/ain

Cpantity of water removed by condensation 0.268 lb/in

qntity of water renoved in gas drier 0.115 lb/mn

Amount of dry ballast gas delivered to FT 4.34 lb/ain

Amount of cooling water reqiired 4.23 lb/an

Amount of fuel necessary as coolant 30.5 lb/win

These values are on the basis of 100 cft of ballast gas. Totals for the
entire flight are obtained by multiplying the above results by 1,102 1 100 u 11.02

The total amount of cooling water, including 10% extra for
contingency, is 52 lb per mission of 155 minutes.

h. Material and Beat Balance for Design Conditions

(1) Bases

3G demand 171 efm

30 temperature -10007

Pressure in PT - 12.62 psia

(2) Data

Same as for Average Conditions

(3) Assumptions

Listed below are the asc~aptionw that differ frm those shown
for Average Conditions.

1. The amount and temperature of cooling water leaving the
* .drier is calculated in conjunction with the combustor
,' design calculations.

2. Fuel is available for cooling at 60*7

3. Iuel flow at full power is 75 (at 60 ) - 79 lb/min.

1&. 10t excess fuel (over stoicJicmetric) is used in the
combustor, and 75% conversion is assmed.

5. Air from the high pressure tap in available at l,200OF
and 232 psia. It leaves IM 1 at 1300°F.

4.5
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(14) Remults

Conditions and, flows are set forth in Figure 43. Calcu-
lationi details are given in Appendix H. Following is a tabulation of
the important values:

* Molar volume at assued conditions in fuel tank - 476 ft3/b-nole

* Air flow-to supply 171 cfmn of dry BG - 184 cfm

- 1.1.2 lb/mmn

* Fuel flow to ctcabustor -0.833 ro/min

" MixtuLre flow to combustor a 12.00 Jlb/m-in

*Rate of water formation a 0.73 lb/mmn

* Water condensed in HE #2 1- 0.1439 lb/mmn

" Exceus fuel 'nondensed in HE #2 a 0.252 lb/min

*Non-condensable excess fuel - 0.013 lb/min

*Water removed in gas drier - 0.291 lb/mmn

*Dry ballast gas delivery 3.11.02 lb/mmn

* Cooling water requirement - 8.3 Ib/miri

FuI~el required as coolant -95 lb/mmLi

LO Equipcant Design, Tactical Aircraft

(1) Basis

For conceptual design purposes, it is assumed that the peak
deand for ballast gas, which occurs under "design conditions", reprecents
the peak demand and design condition for each component in the inerting
package. This ma~y not actually be true, but a definitive design study of
each ccpoent is beyond the scope of the present program. As in the SST
situation, the drier, which accumulates water as it perform the drying
function, mist be sized for capacity as well as efficiency of performance.

Table XV indicates that, during most of the flight, air will
be available fran the high stage of the cuapressors at a pressure of 40.7
psi&, or above. Although design conditions represent a period of powered
descent when air is available at a higher pressure, it is assumed that a
regulator in the line adjusts the pressure to the stated value.
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The main features of this design are:

* use of & aegwnted reactor.

" oAssion of HE 3

With the exceptic of the vaporization chamber, the major caponents can

be located within a cozon duct through which the ballast gsa puases,

always rcwtning on the duct side of heat exchange tubes. Qgestions

concerning duct saze, and changes in duct size frcm one section to another,

are not resolved in this study. The schematic diagram inFieure 44 describes

the system in concept. Details of the calculations are given in Appendix H.

(2) Results

The results obtained are vmmrized below:

(a) Air and Fuel Feed Equent

3Upply piping
Spray nozzle assembly 1
Vaporization chamber 27
0%mber outlet piping 13

Heater
55 lb

(b) (ronbustor

Catalyst 4 lb
Screens (6) 10
Heaters 3
Fuel preheat pipe 2
Cooling tubing 61.
Duct (housing) 30.

.10 lb

() ~Heat Exchanger H 1

Duct 61 2b
Cooling tubing 211

T2 lb

(d) Heat Exchanger HE 2
Duct 61 lb

Cooling tubing
252 lb

(e) Drier

Outer wall 39 lb
Cooling tubing 67
Desiccants 194
Filter, screens 5
Water tank and water 70

375 lb
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(f) Total subsystem

c~mn- Pounds _

Drier 375 35

HE 1 272 26

HE 2 252 24

Ccmbustor 110 10

Feed Streams 55 5

1100

(3) Discussion of Weight and Size

The heaviest component is the drier. The combination of CaC12

and zeolite is the lowest weight and most efficient combination of the
agents considered. However, some further investigation of agents that
function best in the lower temperature region (up to 1o*F) may yield a
saving in size and weight. A detailed design study may also lead to a
change in the quantity of desiccants required, which provide a higher-
than-target 73 hours of protection in the present design. Overriding any
other changes that may result from the above would be changes in design
targets, such as an increase in the allowable quantity of moisture in
the ballast gas.

The second-heaviest component, HE 1, is subject to a possible
reduction in size and weight as a result of detailed studies directed
toward optimization of tubing dimensions, apacing, and duct size. Alloys
other than Hastelloy C may offer weight advantages.

Similar cooments apply to HE 2, which represents 24% of the
subsystem weight.

The segmented combustor design has not been optimized, nor
do the calculations reflect any credit for heat transfer by the radiation
mechanism. Design of the air and fuel feed equiplnent has not been optimized;
however, this equipment together with the combustor represent only 15% of
the entire subsystem weight.

The total subsystem weight of 1,064 pounds does not include
the weight of controls, insulation, some connecting lines, and structural

pports. It represents 6.4% of the initial fuel capacity (including drop
tanks). This is far greater than the corresponding figure for the =
because the SST has a much larger initial fuel storage capacity in relation
to the rata of fuel con-mption.
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8. CASE AmLYSIS III - C-141 TRAmspoRT AIRCRAf

a. Basis

Data on typical C-141 flight parameters and the mission profile
(Figure 45) were obtained through the cooperation of the Air Force Aero
Propulsicn Laboratory. All pertinent information was developed based
on the above data and is sumarized in Tables XVI and XVII. In addition,
the following information and constraints are applicable:

* Water in BG entering fuel tank: C 0.001 lb H20/lb dry gas
(equivalent to < 1,555 ppm H20 v/v)

* Inerting gas may contain <8% oxygen

* Time between regen. t-tions = 42 hrs
(equivalent to ) 6 cycles as per Table XVI)

* Fuel type: JP-4

* Initial fuel load = 150,000 1b:0 3,143 cu. ft.

b. Fuel and Cooling Water Temperatures

The initial fuel temperature of the C-141 transport is 90'F, 5"F
below that of the Tactical Aircraft, Case Analysis II. The change in
C-ll fuel temperature with time can be estimated by reference to Figure 41
(Tactical Aircraft), bearing in mind that differences in the cruise speed,
flight altitude and type of mission tend to give lower temperatures in the
C-141..

The maximm stagnation temperature for the C-141 at 40,000 ft
is given by(2)

TA a1+ 2 14

where

TA - ambient temperature, OR - (-69) + 460 391"R

- specific heat ratio of air - 1.4

M x Mach number = 0.75

This yields

Ts - stagnation temperature, OR = 435"R

-25 O

This temperature is realistic for the leading edges of various portions
of the aircraft. At other positions, the surface temperatures will be
less than the maximum stagnation temperature.
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With regard to mission tyje azr altitude, over 90% of the fUIFt
time of the C-141 is spent at 40,000 ft, and there are no dives or other
mameuvers.

To be conservative, we will assumo that, during most of the flight,
the temperature of the fuel in the tank is below 45F, the average fuel
temperature for the entire flight is <50F, and during descent (design
conditions) the fuel temperature is below 40'F. After making allovance for
a 30°F rise caused by other cooling duties on the aircraft, we assue that
the fuel reaches the inerting system at 75°F on average and at 65*F during
the design situation.

Following a similar line of reasoning for the cooling water, it

is estimated that

average temperature a 40"F

design temperature - 35'F

based on an initial temperature of approximately 60*F. (It may be necessary
to heat this water occasionally to prevent it frum freezing.)

c. Ballast Gas Demand

(1) Total Requirements

Climb

A constant BG supply of 14.7 cfm is assumed for the ascent,
equivalent to the volumetric rate of fuel consumed by the engines. Thus,
the decrease in BG demand due to expansion of gases (because of decrease
"of ambient static pressure) in the vapor space is disregarded. The above
allows removal and venting of oxygen dissolved in the fuel and present in
the vapor space.

Consequently, during the 30-minute climb a U of 30 x 14,7

S441 ft3 of BG are required.

Cruise

The cruise lasts 363 min and to replace the fuel 3.15 cf BG
- are required. Thus, 363 x 3.15 = 1,144 ft 3 of BG are necessary.

Descent

It is assumed that at the start of the descent 10% of the
original fuel remains in the fuel tank, thus the vapor space is

0.9 x 3,143 " 2,830 ft 3

The aircraft descends from an altitude of 40,000 ft to sea level with a
consequent total pressure change of 14.7-2.7 - 12 psi. To cmen=ate for
this pressure change and for the fuel used up during the 10mirmto descent
the amount of BG to supply is:
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21830 cu. t 121psi +l10min xl.26 cfa2322 ft3

Total BG

For a 403 min flight, the EG demand is:

Climb 4412 cf

Cruise 1.4

Descent 2,322

Total 3,907

Total B0 per Fligt 1-3910 cf

(2) Design Requirements

During the first 6 min, the rate of descent is 6,000 ft/mi
and the maximxm rate of pressure change occurs during the last minute,
namely from 10,000 (10.1 psia. ASP) to 4,000 ft (12.76 psia ASP). Thus

tjP/min - 12.76 - 10.1 - 2.66 psi/mmn

The BG demand due to the pressure change and fuel conmuption is

2,830 cua. ft. 1 2.66 psi + 1.26- 513 cfmn
1 14.7 Psi

IDesign rlovRate- 513 cfrl

Note: The average design pressure in the fuel tank is

12.7 + 0.1+ 0.5 - 193 Iusia

2

d. Mean F144ght Pressure

The mean flight pressure is determined following the sme method
aoutlined for the SST. The preneiuo in the fuel tank is asmmked to be

0.5 psi above the ambient static pressure (ASP).
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The average ASP for the altitude ran;e from 0 to 40,000 ft is

7.A psia, and the ASP at 40,000 ft is 2.71 pala. Thus

441 x 7.4 3,263 cf-psia

1,144 x 2.71 - 3,100

2,322 x 7.4 17,183

23,56 Cf-p3ia

23,46 + 0.5 - 6.53 psia in fuel tank
3,910

Mean Mgbt Pressure = 6.53 psis(

e. Water Formation and Removal

(1) Formation

Since use of JP-4 fuel is assumed, the mechanism of water
formation described previously in part V-7-e-(1) applies here.

(2) Total Water to Be Removed

The basis and assumptions are the same as in V-7-e-(2), with
the exception of pressure, which is 6.53 psia. Thus the molar volume

(114.7

V3 ~ 1492 3 560~ 920 ft 3/,lb-mole'Va 492y x 359 x 6.53

The total amount of air necessary to supply the required
amount of BG is

3,910 x 1.075 - 4,200 cf air per flight

The total amount of water formed and to be removed is

402o, cf air 0. I mole 1 18 lbH2
02 920cf 11 "51 mole

11.50 lb water per flight

As is shown later, 8.05 lb are removed by condensation and
3.45 lb by absorption in the gas drier.
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As is shown below in V-8-g-(5), it is appropriate to use
45"F as the te.mperature of BG delivery to the fuel tank. If Va is
adjusted accordirgly, the total amount of water formed and to be removed
is 12.75 lb/flight, of which 3.82 lb are removed in the drier and 8.93
are condensed in HE 2.

Water Removal = 12.75 lb per flight

f. Amount of Catalyst

This calculation is made by the method used for the SST. Following
is a summary of calculations.

VBG (at 100OF and 11.93 psia), of. 513

V1 - va1r 0 .o751 V , cfm 552

P1 - pressure in fuel tank, psia 11.93

V1 x P1  6,580

v2  v1 l 1 [532.5/(56o X 114.7)], 

Vm m molar vobume (at 72.5*F and 14.7 psia), 388
cf/lb-mole

N r = V2 V., lb-moles air/min 1.096

No2 0.21 Nair, lb.moles oxygen/min 0.23

*o 60 , lb-moles oxygen/hr 13.81

NF - O.01% Nair., lb-moles JP-4/min 0.0169

wp m 14> ii, lb "P-4/min 2.36

-F - specific volume of fuel vapor, ft3/lb 3.04

VP - Wp X VP' cm 7.18

VT " V2 + VF , cfm 433
. j -v, lb-moles/ft 3  .0003

k (used the same as for JP-7) 194,000

FA/k CAo o.134

OFor JP-4
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Conversion# % 96
'A 0.0552 o.0414

[(1 + EA) ln (1/(1-XA)) - EAXA 3.3 1.41

vc, rt3 (see Equation (A), Part -3-c) o.447 0.189

Wc -c0 e-, lb 18.2 7.7

g. Material and Heat Balance for Average Conditions

(1) Baaes

BG demand - 100 cfM

BG temperature - IM0"F

Pressure In fuel tank a 6.53 psia

(2) Data

The sm'data as for theTactical Aircraft v-7-( .

(3) Assumptions

On those assumptions that differ from the ones used for
•the Tactical AC LV-7-g-(3)] are listed below.

1. Fuel is available as coolant at 75*F, and leawes
HE 2 at 150'?.

2. Flow rate of available fuel = cruise flow rate
150 l/in.

* 3. Engine air is available at 500"F (average temperature
I per flight; see Appendix I).

" (4) Results for B3 Tusperature of 100eF

Calculations as per methods used in Case I (see Appendix 3)
yield the results given in Figure 46. Following is a tabulation of the
important values, based on 100 cfm of BG:

Molar volume at average conditions 920 cf/lb-mole

Flow of air for 100 cfn BG 107.5 cfm

Weiht of air 3.38 lb/Min

kzuft of fuel required 0.252 lb/mn
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Weight of air-fuel mixture 3.63 lb/zin

Amount of water formed 0.295 lb/min

Q4Aatity of water removed by condensation 0.207 lb/main

Qu=tity of water removed In gas drier 0.088 lb/min

Amount of dry ballast gas delivered to FT 3.34 lb/mtn

mount of cooling water required 3.25 lb/min

mount of fuel necessary as coolant 24 lb/min

Totals for a 403 mn flight are obtained by multiplying the above results
by 3,910 : 100 - 39.1.

The total amount of cooling water, including 10% extra for
contingency, is 140 lb per mission of 403 minutes.

(5) Results for BG Temperature of 45*F

The fuel temperature was assumed to be <50*F on average.
Although the inerting subsystem will not be able to deliver the BG at
450F, the BG will undergo cooling and contraction in the fuel tank.
This, in turn, will result in an increase of BG demand, equivalent to
BG requirement at 450F. Consequently, it is conservative to assume that
BG is delivered at 45*F. The effect of this temperature on the values
of interest is as follows:

Molar volume 829 cf/lb-mole

Weight of air 3.74 2b/min

Factor -3"74 - 1.108
3.38

Thus, all the results listed in (4) have to be multiplied by 1.108 to
obtain the values for BG at 45F and 6.53 psia, giving for example:

Anount of wa 'er formed 0.326 lb/min

Amount of water removed in gas drier 0.098 lb/in

Amount of dry BG delivered to FT 3.70 lb/min

Amount of cooling water required 3.6 lb/min

Total cooling water for 403 min flight 155 lb

The change introduced here affects also the quantity of
catalyst to use as follows:

96% conversion 20.2 lb

7% conversion 8.5 lb
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h. Material and Heat Balance for Design Conditions

(1) Bases

BG demand - 513 cei

BG temperature - 100 F

Pressure in FT - 11.93 psia

The gravimetric flow rate of BG is the equivalent to BG
delivery at 45"F Las per V-8-g-(5)j.

(2) Data

Same as for average conditions.

(3) Assmuptions

Listed below are the asusmptions that differ from those ahown
for average conditions or those used for Tactical AC EV-7-(3)].

1. Fuel available for cooling at 650F

2. Fuel flow at near idle condition is 60 lb/min.
(To avoid recirculation of hot fuel, during peak demand.,
fuel may leave HE 2 at or near 300F, although this is not
a desirable situation.)

3. 10% excess iael (over stoichiunetric) is used in the
combustor, and 75% conversion is assumed.

4. Air from engine bleed is available at 250*F and 35 psia
(see Appendix I).

5. Cooling water is available at 35*F.

(4) Results

Conditions and flows are set forth in Figure 17. Following
is a tabulation of the important values:

Molar volume (at 45"F and 11.93 psia) 454 cf/lb-mole

Flow of air for 513.4 cf BG 552 cfm

Weight of air 35.1 lb/min

Amount of fuel required (combustor) 2.62 lb/mU

Weight of air-fUel mixture 37.8 lb/min

Amount of water frmed 2.3 lb/zin

Qw~tity of water reoved by conden- 1.38 lb/min

sation
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Qaantity of water removed in gas drier 0.92 lb/min

Qaantity of fuel condensed in HE 2 0.79 lb/mn

Amxit of dry BG delivered to FT 34.7 lb/mn

Amount of cooling water required 24.5 lb/min

Amount of fuel necessary as coolant 60 lb/min

i. Equipment Design

The foregoing permit sizing and design of the components of the
inerting subsystem, which is based or. peak demand for ballast gas. Details
of the design and weight calculations are given in Appendix I. Results
are summarized below.

(1) Weights*

(a) Air and Fuel Feed Equipment

Supply piping 19.14 lb

Spray nozzle assembly 0.5

Vaporization chamber
(Hastelloy C) 46

Heater 7

Outlet piping 1.6

Extra for fittings 0.5

Total 75 lb

(b) Combustor

Catalyst 9.9 lb

Screens (6) 27.2

Jeating elements 8.3

Fuel preheating tubing 1.7

Cooling tubing 128.2

Duct and baffles (Hastelloy C) 127.7

Total 303.0 lb

NBased on use of 316-SS except where otherwise specified.
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(c) Heat Exchanoer ro. 1 (HE 1)

Cooling tubing 605 lb

Duct (Histefloy C) 168
Total 71-3 lb

(d) Heat Exchanger No. 2 (HE 2)

Cooling tubing 380 lb

Duct (astefloy C) 103

Fuel booster pump _5
Total 500 lb

(e) Drier

Outer walls (aluminum) 62 lb

Cooling tubing (aluminum) 221.

Desiccant 530

Filter, screens 20

Water tank and water 176

Total 1,0612 lb

Only one desiccant, CaC12 , is used because it allows the BG to leave with
1,320 ppm V/V under design conditions, which satisfies the target. Since
air is available under pressurM at all times, it is used to push the inerting
system cooling water out of the tank and through the cooling coils. There.
fares the water pump is eliminated.

(t) Total Subsystem

C2= nt Pounds

Drier 1,012 38

HE1 773 29

2 500 19

Canbustor 303 1

Feed Streams 75 3

170

• I0



(2) Dimensions

The C-141 Inerting subsystem as conceived for this study
resembles the tactical aircraft subsystem. Except for the vaporization
chamber, which has the usual double-cone configuration, the various
compcnents are connected er-to-end to make up a rectangular duct whose
cross-section varies somewhat according to the size of each ccmponent.
Strung out in this way, overall length of the subsystem is about 13.5 feet.
The dLmensions of each component are as follows:

Height or Dia., ft Width, ft Length, ft

VC 1.25 --- 5.33

Outlet Pipe 0.33

Combustor 1.04 2.5 1.5

HE 1 2 2.5 1.75

HE 2 1 2.5 1.83

Drier 2 2.5 2.75

(3) Discussion of Weight and Size

The toleration of a higher concentration of water vapor in
the BG, as compared to-the other case analyses, eases the demand for
drier performance, and makes possible the use of a single desiccant. Never-
theless, the drier remains as the heaviest .item, representing 38% of the
total subsystem. It is believed that further study of the drier could lead
to a significant weight reduction, because the unit is now overdesigned with
respect to capacity. This is due to the fact that design guidelines :or
space velocity and efficiency dictate the size and weight of the bed to the
extent that the desiccant has capacity for 230 flight-hours, (I'ar in excess
of target). Further calculations using other desiccants, smaller Frain size,
and possibly a booster pump for increased static pressure, could well be
fruitful.

The weight of HE 1 is about in the same relative position as
it is in the case of the tactical aircraft. It is not unreasonably large
for a gas-to-gas exchanger, considering the amount of preheat required by
the combustion air.

The weight of HE 2 is brought down to the level shown by
introducing a circulating fuel loop for cooling purposes during the design
period, while BG demand is high, yet fuel demand by the engines is low.

The total subsystem weight shown tbove represents 1.8% of the
initial fuel load, which is the lowest of the values generuted in this study.
The prospects for substantial reduction in weight center around the drier in
particular, and optimization studies in general.
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SECTION VI

COIUSIONS

The concept for inerting aircraft fuel tanks with ballatt gas
generated by catalytic combustion of a small fraction of the fuel load is
technically feasible. In an aircraft fueled for long-distance passenger
service (the SST), only 0.006% of the initial fuel load would be used for
inerting in a typical 3-hour fliCht. In a tactical aircraft situation,
the corresponding figure is 0.011% for a representative 155-minute mission.

Any inerting subsystem that functions via control of the oxygen
content of the fuel tank ballast gas must contend with the problem of
widely fluctuating demand. In the tactical aircraft, for example, ballast
gas demand ranges from 0.08 lb/min during level flight urer cruise con-
ditions to 11 lb/min during a powered dive, an increase of more than one-
hundred-fold.

In the present subsystem, nitrogen makes up about 74% of the inert
ballast gas. The effect of demand on conversion level, hence the cobustor
exit gas composition, varies as follows for JP-7 ftel:

Percent by Volume

Conversion 7%, Conversion

Nitrogen 72.9 73.9

Water 13.7 10.9

Carbon dioxide 11.2 8.7

Carbon monoxide 1.2 1.0

Oxygen 0.8 5.0

Fuel 0.2 0.5

100.0 100.0

The rate of conversion of oxygen in this system is directly proportional
to the concentration of fuel; hence operation with an excess of fuel is
indicated. Up to 300% excess propane fuel appears to cause only a temporary
increase in the production of coke. Deposition of coke equivalent to 10%
carbon from a relatively poor quality of JP-4 fNel did not have any adverse
effect on catalyst performance.

The catalyst tested most extensively can provide a free oxygen
content well below the target level (2-9%) for periods in excess of 50
hours, without regeneration. Using propane fuel, the deactivation after
60 hours (with 100 to 300% excess fuel) is equivalent to a 10% decrease in
conversion at a given temperature, or a 35C higher tempera'ure for the same
conversion. Little or no loss in performance was observed as a result of
60 hours on stream usinC 100% excess of JP-4 fuel.
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Results obtained in the 60-hour test with jp-4 fuel did not show

the need for regeneration, and no conclusion can be drawn as to the ultimate

extent of catalyst use before regeneration is necessary. Regeneration is

accomplished easily using a gas containing about 4% oxygen, with provision

to beat the catalyst to approximately 400"C (752"F).

For optimum results ('urading off catalyst activity with thermal
stability) combustion temperature should be regulated at about 725C
(1337"F). When using boiling water in finned cooling coils for cooling a
radial reactor in which all coils are submerged in cetalyst, the volume
of the combustion zone is dictated by the required coil surface area. In
a preliminary radial reactor design, the combustion zone volume as
determined by heat transfer is 6 times the volume as determined by the
catalyst activity. The situation is more favorable in a segmented design,
using unsubmerged coils, which weighs about 45% of a radial reactor giving
the same conversion.

Depending on conversion level, from 31 to 14% of water is present
in the combustor exit gases. Reduction to the target level of 5 ppm requires
a heat sink to absorb the heats of condensation and absorption, and to cool
the gases tovj65*F. If such a heat sink is unavailable, only the use of a
water reactant such as calcium carbide can satisfy the target water level
requirement. Part of the heat is conveniently removed by exchange with
combustion air requiring preheat, and with fuel being pumped to the engines.
In situations (the SST) where the fuel coolant is at times not available
below 3000F, additional cooling (to .100"F) and some condensation can be
accomplished by exchange with water being pumped to the combustor coils.
If a supply of cooling water for the inerting system is assumed, the ballast
gas can be dried at a temperature low enough to remove almost all of the
combustion water. (At a drier temperature of 150F, >99.99% removal is
effected, and the dry ballast gas contains 10 ppm water.)

0ptimization of the size and weight of the gas drier may indicate
use of either one or two drying agents, (one chosen for efficiency and the
other for capacity). The capacities estimated for the various cases analyzed
in this study range from 50 to 230 flight-hours, without regeneration.
Regeneration is accompliahed by passing a gas heated to 450-550OF through tht
drier.

This type of inerting system gives previously unavailable control
over the moisture content of the fuel tank ballast gas. Its use at low
altitudes in humid climates, where dewpoints commonly reach 75*F (30,000 ppm
volume) or higher, can prevent the introduction of substantial quantities of
water to the fuel. The benefit in terms of reduced microbiological corrosion
effects may be substantial.

Although not confirmed by actual test, it is indicated that the
subsystem is capable of operating at altitudes from zero to 80,000 feet.
The lower partial pressure of the reactants in the cmbustor feed eases at
the maximum altitude would affect adversely the rate of conversion, but
the reduced demand (weight basis) would tend to offset this effect. Moreover,
the conversion level could be increased by eriching the combustor feed
mixture while operating at high altitudes.
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The weight of the inerting subsystem including equipment, catalyst,
agents and cooling water supply, represents 1.8% of the initial fuel supply
for the typical C-1hl aircraft mission. The corresponding figure for "normal"
flights in the SST is 2.3,L, and an SST mission that includes an emergency
powered dive would require 4.1%. The tactical aircraft carries a proportion-
ately smaller initial fuel load, and has powered dives in typical missions;
the inerting subsystem therefore represents 6.4% of the initial fuel weight.

In most instances, the heaviest component is the gas drier. It
represents 35-61% of the subsystem weight, in the cases considered here.
Weight savings could be realized Ef other means of negating the eifects of
water in the fuel tanks were employed, making it possible to raise the ballast
gas water concentration limit.

Rivaling the gas drier in weight is the gas-to-gas exchanger where
combustion products are cooled while preheating the air and fuel. This
represents from 21 to 38% of the subsystem weight. Alternate means of
preheating and cooling these gas streams have not been investigated.

A reduction in weight can be effected through relaxation of the
performance requirements during dives, when ballast gas demand is about 100
times greater than it is during level flight at full power. Conceptual
design calculations were made on the basis of 75% conversion during dives,
equivalent to approximately 5% oxygen in the dry ballast gas. If conversion

•during dives in limited to 60%, giving 8.7% oxygen in the dry ballast gas,
the subsystem weight could be reduced by 5-10%.

A substantial reduction in weight is to be expected upon optim-
ization with respect to materials of construction to be used, and design
of the principal components. Weights given herein are developed through
techniques normally used for industrial process equipment, and flightweight
hardware techniques remain to be applied.
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SECTION VII

RECGNDATIONS

1. Make a critical review of the conceptual designs and subsystem
performance requirements, with emphasis on selection of priority
areas for weight reduction, and estimation of the potentially
attainable performance-weight relationships.

2. Design, construct and install a fractional-scale breadboard inerting
subsystem. Design should be generated with input from manufacturers
of flightweight hardware. Include control instrumentation.

3. Employ breadboard unit and other apparatus to test and ewluate under

simulated flight conditions:

a. Combustor

" startup methods

" temperature control

" regeneration (need, frequency)

* effects of variations in operating mixtures, flow rate, pressure

• catalyst life

b. Gas Drier

* type and size of desiccant

" flow rate and pressure effects

" regeneration and life of desiccant

" fuel effects

c. Heat Exchangers

" flow rate and pressure effects

" fouling

" tubing design and materials

d. Fuel Feed Methods

* best performance-weight combination
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4. Study the reduction in weight available through use of alternate

design concepts such -is:

* use of a mechanical fuel atomizer

* use of a ballast gas reservoir to reduce peak demand

* preheating of combustion air by reacting a portion thereof
with fuel, then recombining

5. Study the application of advanced materials of construction and flightweight
hardware design methods to the achievement of minimum comrponent weights.
Incorporate results from the breadboard tests, and from the alternate
design concept studies. Carry out scaling and optimization studies.

6. Examine the effect on fuel quality of its passage through the inerting
subsystem unreacted.

7. Study logistics and servicing needs, including replacements, cleaning,
and routine maintenance.

I1
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